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Water polluted by metals and phosphates can be hazardous to both the
environment and human health. The aim of this study was to improve understanding of
the adsorption properties of low-cost, green adsorbents for removal of pollutants from
aqueous solution. Biochar was used as an adsorbent, which was produced from the
gasification of pine wood waste and the fast pyrolysis of Douglas fir. Biochar is a biorenewable product that can easily be modified, and the cost is lower compared to other
adsorbents like activated carbon. The gasifier produced biochar was modified by coating
the biochar surface with chitosan. Douglas fir biochar, produced by pyrolysis, was used
in Mg/Al-layered double hydroxides (LDHs) and magnetization modifications. The
Mg/Al-LDHs were prepared by co-precipitation using solutions of Mg and Al salts and
NaOH treatment. The magnetization modification of the biochar was prepared by
magnetite (Fe3O4) precipitation onto the biochar’s surface from Fe2+/Fe3+ solution upon
NaOH treatment.
Chapter I provides an introduction into biochar production, uses, and modification
methods. Chapter II is a study of the aqueous adsorption Cu2+ and Cd2+ metals using
chitosan coated and uncoated gasifier biochars. Chapter III focused on the removal of

phosphate from aqueous solutions. Different ratios of Mg:Al in the LDHs were used to
test the ratio’s affect on the adsorption properties of the modified adsorbents. Chapter IV
describes the removal of phosphate from water using LDH modified biochars that are
magnetized. This study looks at how the order in which the modifications were done
influences the biochars adsorption ability. The surface chemistry and composition of each
biochar in chapters II-IV were examined by SEM, SEM-EDX, TEM, PZC, XRD,
elemental analysis, and surface area measurements. Each biochar’s adsorption ability was
studied by pH effects, kinetics, and maximum capacity for the analyte.
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CHAPTER I
INTRODUCTION
1.1 The world’s need for clean water

The continuing growth in human population will increase the need for clean and
safe water systems to sustain a water supply needed for domestic use.[1] Freshwater
scarcity is commonly described as a function of available water resources and human
population. The Falkenmark indicator is perhaps the most widely used measure of water
stress. [2] It is defined as the fraction of the total annual runoff available for human use.
This indicator sets available water thresholds at 1,700 and 1,000 m3 per capita, where
between these levels clean water is stressed and below 1000 m3 usable water is becoming
a scarcity. There are many areas of the world that are well below these thresholds
including parts of China and Africa.[3, 4] Gleick developed a method to show the water
requirements for complete human daily needs: drinking water for survival, water for
human hygiene, water for sanitation services, and modest household needs for preparing
food.[5] This method proposed the water requirement for meeting basic human needs is
around 50 liters per person per day.[6, 7]
Using these indicators it is calculated that about 80 countries or 40 % of the
world’s population are experiencing water stress.[8] To address these water needs, new
research must focus on the development of renewable water resources.[4] This research
will include the collection, storage, and treatment of wastewater to produce safe, usable
1

water. Current water treatment techniques include adsorption[9-12], chemical
precipitation[13, 14], coagulation[15, 16], electrochemical[17, 18], ion exchange[19, 20],
membrane purification[21, 22], and ultrafiltration.[23, 24] Each one of these techniques
takes time and adds expense.[25, 26] The key to this issue is finding effective and low
cost means of waste water cleaning that can be readily available to all.
1.2 Water Treatment by Adsorption

Water treatment by adsorption is not a new technique; ancient people were using
the adsorbent characteristics of carbon sources dating back as far as 1500 BC. Carbon
sources were used as purifying and medicinal agents by ancient Egyptians and early
Native Americans.[27] Today, adsorption processes are commonly used to purify
wastewater. Activated carbon is the most widely used adsorbent, but is considered
expensive. Cheaper absorbents, such as metal oxides and biochars have gained
popularity in recent decades.[9]
1.2.1

Activated Carbons
The use of activated carbon in European industry started in 1900-1901[28] and

the first use of activated carbon in the United States, to eliminate smell and taste from
waste water, was recorded in 1930.[29] Activated carbon is essentially a form of crude
graphite with random but porous structures, but is processed to have low-volume
micropores that increase the materials surface area.[30] The high surface area, thermal
stability, and wide pH usage range makes activated carbon a very popular material.
Activated carbons can be made from a number of feedstocks including rice hulls, saw
dust, corn husks, nutshells, and other agricultural biomass. Both chemical and physical
activation processes listed below are used to produce activated carbon.
2

1.2.2

Clay Compounds
Clay minerals or metal oxides are abundant worldwide. These materials can have

very high surface areas, a range of cation and anion exchange properties, high binding
energies and absorption capacities. [9] The mineral oxides have shown the ability to
remove cationic[31], anionic[32], and neutral metal species.[33] Some examples are
smectites ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O), kaolinite (Al2Si2O5(OH)4), and
micas (K2Al4–6Si8O20(OH, F)4).[55]
1.2.3

Biochars
Biochar is a fairly new material that can be used in a wide range of conditions.

The origin of biochar is centered around ancient Amerindian people from the Amazon
region, and it was locally known as Terra Preta de Indio.[34] The basic definition of
biochar was given by Lehmann and Joseph as “a carbon (C)-rich product when biomass
(e.g. wood, manure, energy crops or leaves) is heated in a closed container with little or
no available air”.[35] Other groups and organizations, like the International Biochar
Initiative (IBI), have labeled biochar as “a soild material obtained from thermochemical
conversion of biomass in an oxygen-limited environment”.[36] Research has shown that
biochar has the potential to aid in many environmental problems such as: soil
amendment, energy conversion for power, carbon collection, and wastewater purification
through adsorption. [35, 36] The absorption properties of biochar in wastewater have
been extensively tested for its capacity to remove dyes[37-39], heavy metals[10, 11, 40],
anions[41, 42], pesticides[43], and pharmaceuticals.[44, 45]

3

Figure 1.1

An example of biomass (left) and biochar (right)

1.2.3.1 Biochar production

Biochar production method and feedstock play an important role in the material’s
properties. Important variables include temperature, pressure, heating time, atmosphere
and reactor type. The feedstocks for biochar production can come from just about any
type of high carbon biomass source. This can include any kind of plant material to animal
manure waste. Biochar was originally produced and thrown away as a side product in
the thermochemical conversion of biomass into biofuel using the processes of
torrefaction[46, 47], flash conversion[48], gasification[49, 50], or pyrolysis[51] (Figure
1.2). Biochar is now valued as a useful material for water and soil remediation because
of its physical properties.[35]

4

Figure 1.2.

The production and use of biochar. Waste biomass from different
resources are thermally treated to produce bio-oil, bio-syn gas and biochar
which can be used for water purification and soil amendment.

1.3 Thermochemical Conversion

Biomass is processed though thermochemical conversion to form useful products
(oils, gases, and biochars) that can be used in other industrial areas. Biomass was
originally used to produce synthesis gas by gasification at ~800 °C, or raw bio-oil by fast
pyrolysis.[52] Both of these old processes also produced biochar. The bio-oil produced
by slow and fast pyrolysis, ~400-500 °C, is an unstable complex mixture that contains
water plus various organic and inorganic compounds.[51]
Synthesis gas, carbon monoxide and hydrogen, is used to catalytically upgrade
bio-oil and form hydrocarbons through Fischer-Tropsch reactions.[53, 54] Both of these
conversion techniques have the advantage of easily converting most forms of biomass
(cellulose, hemicellulose, and lignin).[52]
Torrefaction is another form of thermochemical conversion of biomass that takes
place between 200-300 °C. This process is usually done as a pre-treatment step for
5

biomass conversion processes like gasification, and is used to improve biomass properties
by destruction of the fibrous structure of biomass.[46] This torrefaction pre-treatment
can help improve the properties of the products of gasification or pyrolysis.
Lastly, flash conversion can also be used as a form of thermochemical conversion.
This process can fall under the pyrolysis thermochemical conversion, but is performed
with a reaction time of several seconds or less. This process requires special reactors to
keep the extremely short residence times.[48]
Table 1.1

Different thermochemical conversions of biomass and the products formed

Conversion
Type

Residen
ce time

Temperature
(°C)

Biochar
yield
(wt%)

Biosyngas
yield
(wt%)

Bio-Oil
yield
(wt%)

Ref.

Slow
Pyrolysis
Fast
Pyrolysis

5 min to
days

350-800

35

35

30

[25],[63]

1 - 10 s

400-600

10

20

70

[25],[63]

Gasification

secs to
mins

800-900

10

85

5

[25],[49],
[50]

Flash
Conversion

<1s

400-550

20

15

65

[48]

Torrefaction

mins to
hours

200-300

-

-

-

[46]

1.4 Biochar Modification

Biochar can be modified to increase its ability to absorb a certain class of
contaminates.[25] Modification methods include chemical modification, physical
modification, and metal impregnation.[55] Chemical modification is usually a direct
change of the surface functionally of the biochar. Physical modification changes the
surface of biochar through outside forces such as temperature and steam. Metal
6

impregnation involves modification of biochar by precipitation of many different types of
metal oxide compounds on the surface.
1.4.1

Chemical Modifications
Biochars can be modified to meet certain needs such as heavy metal removal and

organic compound adsorption by many different methods. These can include, but are not
limited to, acid/base treatments, the addition of organic linkers or polymers, and
modification using solvents.
1.4.1.1 Acid/Base

Acid/Base treatments are used to change the functional groups found on the
biochar’s surface. Acidic treatments with phosphoric, nitric, and sulfuric acid are
commonly used and can increase the amount of carboxylic acid and alcohol groups on the
surface. This can lead to higher metal absorption.[55] Strong bases, such as potassium
and sodium hydroxide, will have the opposite effect on the surface. There will be an
increase in the oxygen content and a rise in the surface basicity which could be used to
precipitate metal contaminates from water.[56]
1.4.1.2 Organic linkers and polymers

The addition of organic linkers or polymers to the surface of biochar can also
increase the absorption of metal ions.[57] This can be done using compounds such as
chitosan, an environmentally safe polymer made from shellfish that contains amine
functionality.[58] The amine functional group will allow for stronger binding of metal
ions to the biochar, thus increasing the absorption ability.[59]

7

1.4.1.3 Solvents

Organic solvents have been used to activate biochar surfaces. Methanol
modification leads to esterification of the biochar which increases the amount of surface
esters and hydroxyl functional groups. This can increase the absorption of polar organic
contaminants.[60]
1.4.2

Physical
Physical activation at temperatures between 500-600 °C can change a biochar

surface by increasing carbonization. This carbonization can be combined with partial
gasification using oxidizing gases such as O2, CO, and CO2 to change the surface
functionality of the char.[61] Steam or fuel gas can also be used, at higher temperatures,
between 800-1000 °C, to physically activate the biochar surface to increase porosity and
surface area.[62] Water can also be used to physically activate biochar. Soaking biochars
followed by high heat can also increase biochar surface area.[63]
1.4.3

Metal Impregnation
Many research studies have looked at biochar activation by impregnation of metal

oxide minerals onto the biochar surface. Clay minerals; gibbsite (Al(OH)3), kaolinite
(Al2Si2O5(OH)4), and montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O), are
commonly used in biochar activation to form low cost absorbents.[55] Many other
transition metal oxides[37] and alkyl earth metal oxides[64] have also been shown to
improve the absorption abilities of biochars.
1.4.3.1 Layered Double Hydroxides

Layered double hydroxides (LDHs) are a kind of anionic clay with large anion
sorption capacities. LDHs can be prepared easily in the laboratory although they are not
8

normally found in natural environments.[19] LDHs exhibit acceptable anionic pollutants
adsorption abilities.[65]

Figure 1.3
1.4.4

Example structure of a layered double hydroxides

Magnetic Modification
Several studies have focused on the magnetization of biochar to avoid the

problems of separation of biochar from solutions. Magnetization can save time by
avoiding centrifuging and filtration in favor of using a magnet to remove char. Normally,
biochar is magnetized by the co-precipitation of Fe3+/Fe2+ onto the biochar’s surface.[45]
This magnetization shows an increase in the removal ability of negatively charged
contaminants with biochar.[55]
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Scheme 1.1

Example of the magnetization process on biochar

1.5 Adsorption Mechanisms

The removal of contaminates such as heavy metals, organics, and anions by
biochar go through many different absorption mechanism. These absorption mechanisms
are greatly affected by the characteristics of the biochar including surface area, functional
groups, pore structure, and metal content.[66]
1.5.1

Heavy Metals
The surface of biochar can contain different functional groups, carboxylic acids

and alcohols, which allow for heavy metal binding by electrostatic interaction, surface
complexation, and ion exchange. Also the addition of different organic compounds,
EDTA or chitosan, can lead to stronger chelation of metals to increase metal
absorption.[57] Metals can also be precipitated through hydrolysis mechanisms to
remove them from water.[67]
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Scheme 1.2
1.5.2

Heavy metal removal using chitosan that is coated onto biochar surface

Anions
Biochars can be modified, using metals or organic compounds, to remove many

different types of anions (bromate, chlorate, chloride, iodate, perchlorate, sulfate, and dihydrogen phosphate) by way of ion exchange, precipitation, and electrostatic adsorption.
[68] These mechanisms are greatly affected by the type of anion removed and any
competitive anions in solution.

Scheme 1.3

Example of anion adsorption onto LDHs [69]

1.6 Dissertation Objectives

The aim of this work is to increase the understanding of the absorption properties
of different modified biochars for metal and anion removal from aqueous solutions. This
included the development of low cost chitosan coated gasifier biochars for the removal of
metal ions, and the production of different metal modified Douglas fir biochars for the
11

removal of phosphate from aqueous solutions. The removal properties of these produced
biochars were tested under many different experimental conditions. This allowed for a
full evaluation of the biochars potential environmental impact during wastewater cleanup.
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CHAPTER II
CADMIUM AND COPPER REMOVAL FROM AQUEOUS SOLUTIONS USING
CHITOSAN-COATED GASIFIER BIOCHAR

2.1 Abstract
Gasifier biochar (GBC) and Chitosan-Coated Gasifier Biochar (CGBC) derived
from pine wood was used to remove Cu2+ and Cd2+ from water. CGBC was made by
mixing GBC with an aqueous acetic acid chitosan solution followed by treatment with
NaOH. Both CGBC and GBC were characterized using FT-IR, scanning electron
microscopy (SEM), surface area measurement (BET), elemental analysis (EA), TGA, and
point of zero charge. Chitosan accounts for 25% of the weight of the CGBC. TGA
showed chitosan decomposes sharply at 225 – 270 °C and then more slowly thereafter.
The BET surface areas of GBC and CGBC were 34.1 and 4.61 m2g-1, respectively. Batch
absorption studies performed at pH values of 2-5 followed Cu2+ and Cd2+ adsorption
quantitatively using atomic absorption spectrophotometry (AAS). Absorption was
evaluated using the Freundlich, Langmuir, and Sips isotherm models. Cu2+ adsorption on
CGBC fit best the Sips model (capacity 111.5 mg/g) and Cd2+ with the Langmuir model
(capacity 85.8 mg/g). Langmuir adsorption capacities on GBC were 83.7 and 68.6 mg/g
for Cu2+ and Cd2+ respectively. CGBC removed more Cu2+ and Cd2+ than GBC because
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chitosan modification generates amine coordination sites that enhance metal absorption.
Adsorption on CGBC and GBC of both metals followed pseudo-second order kinetics.
Keywords: Sorption; Chitosan; Gasified Biochar; Copper; Cadmium; Metal ions removal.
2.2 Introduction
Cadmium and copper ions are toxic and are a concern in the treatment of
wastewaters.[1] These metals can enter the environment from metal plating facilities,[2]
mining operations,[3] fertilizer plants,[4] paper industries,[5] batteries,[6] and some
preservatives and pesticides.[7] Their toxicity at low concentrations led the World Health
Organization (WHO) to set guidelines for maximum amount of Cu2+ and Cd2+ levels in
drinking water at 0.003 and 2 ppm respectively.[8] Cadmium exposure will damage
kidneys, cause nausea, salivation, cramps, diarrhea, chronic pulmonary problems, and
bone decay.[9] Where copper is handled or stored industrially and can come in contact
with storm water, this water must be monitored and remediated before release into the
environment. Site specific permits vary, but Cu2+ concentration can be as low at 5 ppb
before it can be legally released. Although copper is an essential nutrient, it can cause
gastrointestinal and other problems.[10]
Many procedures have been developed to remove metals from contaminated
water. Industrial techniques include chemical precipitation,[11-13] ion exchange,[14, 15]
membrane filtration,[16, 17] electrochemical treatment,[18] and adsorption.[19, 20]
Adsorption is the most widely employed because of its flexibility and reversibility.[1]
Activated carbon is the most popular adsorbent for remediating heavy metals, but its high
cost has increased interest in novel alternatives.[21] Many low cost adsorbents have been
19

well studied,[21] including zeolites,[22] clays,[23] mosses,[24] algae,[25] coal,[26]
chitosan,[27] and biochar.[28] Biochar and chitosan have received recent attention due to
their biodegradable and bio-recyclable properties, but their joint use is less known.
Biochar is produced from biomass by three different processes; slow pyrolysis
(350-800 °C), fast pyrolysis (400-550 °C), and gasification (700-1500 °C).[28] Pyrolysis
biochars have been extensively studied for heavy metal removal while, gasification
biochars are much less studied. During gasification at 700-1500 °C, solid biomass
partially combusts, producing syngas and an ash-like biochar as a byproduct.[28]
Gasifier biochars have higher carbonization and metal oxide (ash) percentages.[29]
Chitosan is an amino polysaccharide derived by hydrolysis of chitin. Chitosan has
been studied for wastewater treatment,[30] chromatographic supports,[31] and enzyme
immobilization.[32] It has several features which make it amenable to environmental
applications. Its precursor, chitin, is abundant, and chitosan is non-toxic, biodegradable,
biocompatible, and has antibacterial properties.[33] Chitosan has been proven to be one
of the more effective and underdeveloped biopolymeric materials for metal ion
adsorption.[34] Target metal ions can be chelated by chitosan’s amino groups during
remediation.[35] Previously, metal adsorption on chitosan has been studied using
hydrogels,[36] beads,[37] and other chitosan-coated materials.[38, 39]
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Scheme 2.1

Chitosan’s amino group coordination with heavy metal ions.

Chitosan-modified pyrolysis biochars have been previously used to remove heavy
metals from water.[40-42] Now, we evaluate both uncoated and chitosan-coated gasified
pine wood biochar for their copper and cadmium removal capabilities. Green, gasifier
biochar coated with chitosan can be produced at low cost because both components are
inexpensive and readily available.
2.3 Materials and methods
2.3.1 Preparation of chitosan-coated gasifier biochar
Biochar was formed in a down-draft gasifier (BioMax 25, Community Power
Corp., Littleton, CO) at Mississippi State University at 700-900 °C with a residence time
of 5-10 s fed with pine wood chips. Chitosan flakes (prepared by 85% deacylation of
chitin), 3.0 g, from Dungeness Environmental was dissolved into 180 mL of 2% acetic
acid. The pine wood gasifier bio-char (3 g) was then added to the chitosan/acetic acid
solution and stirred for 30 min. The resulting mixture was added dropwise into 900 mL of
a 1.2% NaOH solution and then aged for 24 h. The pH after aging was ~10.
Deprotonation of chitosan rendered it insoluble, and it precipitates as a coating on the
biochar. The chitosan-coated biochar was then filtered and washed with 100 mL of
deionized water, and allowed to dry at 90 °C in air for 24 h. The final weight of the dried
21

sample was 4 g indicating the biochar had complexed 1 g of chitosan giving the a 25 wt%
chitosan coating on the biochar. The dried chitosan-coated gasifier biochar (CGBC) and
gasifier biochar (GBC) were stored for future work.
2.3.2 Char characterization
The chemical composition (CHN) of both GBC and CGBC was determined via
combustion analysis. Ash content was also calculated for both biochars. The organic
oxygen content was determined by subtracting the sum of the %C, %H, %N, plus the ash
weight from the initial sample. The ash contains additional oxygen in the form of metal
oxides. BET surface areas, pore volumes, and averaged pore diameters of both adsorbents
were examined using a Micromeritics TriStar II Plus 3030 surface area analyzer using
nitrogen adsorption isotherms at -196 °C (BET). The FT-IR transmission spectra of both
chars were collected using a Bruker FT-IR fixed with a diamond AT-IR unit.
Thermogravimetric analysis (TGA) was done under air at a heating rate of 10 °C/min
from 32 to 1000 °C for both GBC and CGBC using a TA Instrument’s Q50
thermogravimetric analyzer. Surface morphologies of the two adsorbents were examined
by scanning electron microscopy (SEM) using a JEOL JSM-6500F FE-SEM at 5 kV.
Energy-dispersive X-ray spectroscopy (EDX) was carried out on both biochars using a
Zeiss, EVO 40 scanning electron microscope containing a BRUKER EDX system. The
point of zero charge (PZC) of both GBC and CGBC was determined using 0.01 M NaCl
aqueous solutions with pH values ranging from 2 to 10, adjusted with HCl and NaOH, at
pH intervals of 2. The solutions (25 mL) were stirred at 200 rpm for 8 h with 0.025 g of
suspended adsorbent. After adsorbent removal, the pH of the supernatant was measured
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using an ORION model 210 pH meter. The PZC was obtained by plotting pH of the
initial solution against pH of the final the solution.
2.3.3 Sorption studies
All chemical reagents were analytical grade. Water for stock solutions was
filtered with a Millipore Milli-Q Academic system using a Quantum EX Ultrapure
Organex Cartridge. Batch sorption studies for GBC and CGBC char were conducted by
varying Cu2+ and Cd2+ concentrations from 25 – 300 mg/L using deionized water at pH 5.
A 0.025 g quantity of char was added to 45 mL vials each containing 25 mL solutions of
Cu2+ or Cd2+ at different concentrations. The solutions were shaken for 24 h at 200 rpm to
reach equilibrium. Biochars were then removed by filtration using Whatman #1
qualitative filter papers, and the adsorbate concentrations remaining in the filtrate were
determined using AAS spectroscopy. The adsorbate amount removed per gram of char
(Q) was calculated using:
Q=

V(C0 − Ce )
M

Here, Co and Ce are initial and equilibrium analyte solution concentrations in the solution
(mg/L), V is the solution volume (L), and M is the total mass of adsorbent added (g).
The Cu2+ and Cd2+ uptake rate kinetics of the two biochars were determined at pH
5 and 25 °C at time intervals between 2 min and 16 h. The concentrations of Cu2+ and
Cd2+ were 100 ppm. The total volume was 25 mL, and the mass of each adsorbent used
was 0.010 g in these experiments. These experiments were run in triplicate.
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2.4 Results and discussion
2.4.1 Characterization of chitosan coated biochar
The BET surface areas of GBC and CGBC along with their elemental analyses
(combustion and ash) are presented in Table 2.1. The surface area of GBC (34.1 m2/g) is
within the expected range for gasified biochar.[25] Coating with chitosan causes a
dramatic decrease in the surface area of CGBC (4.61 m2/g). This decrease is due to the
precipitation of chitosan which covers pore openings and is consistent with previous
studies.[40] Chitosan coating also decreases the pore volume and average pore size. The
elemental compositions of the gasifier biochar, GBC, and chitosan-coat gasifier biochar,
CGBC, have a high weight composition of metal oxides, which is common for gasifier
biochars.[43] This is proven by the high ash content of both biochars, 56.3 and 22.6% for
GBC and CGBC, respectively. The biochars also show low %C composition compared to
pyrolysis biochars.[25] The addition of chitosan gave an increase in the %N composition
from GBC to CGBC. The %N composition for CGBC was found to be 3.25% which also
indicates a 25/75 wt% ratio of chitosan to biochar. This agrees with the weight gain
obtained from the synthesis of CGBC.
Table 2.1

Properties of the studied biochars.

a

Char

BET surface
area (m2 g-1)

Pore
volume
(cm3 g-1)

Pore
sizec
(nm)

%N

GBC
CGBC

34.1
4.61

0.067
0.00076

270
1.14

0.29 24.3 1.08
3.25 29.3 4.44

%C

%H

%O

Ash
contentb
(wt%)

17.5
56.8
40.0
23.1
a. EDX analysis showed substantial amounts of Ca, Mg, and Fe present in GBC
b. An analysis of the metals present as their oxides was not performed.
c. Average pore size reported with BET.
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The FT-IR spectra of GBC and CGBC are shown in Figure 2.1. The CGBC peak
at about 3280 cm-1 is due to NH stretching of chitosan amino groups coated on the
biochar surface. This peak is not found in the GBC. The 2872.2 cm-1 peak of CGBC is
attributed to C-H stretching of –CH and CH2 groups of chitosan, while bands at 1653.3
and 1559.0 cm-1 are due to amide carbonyl stretching vibration of unhydrolyzed amide
functional groups remaining in chitosan.[42] The peak near 1405 cm-1 in both GBC and
CGBC is typical of C-O-H bending of phenols found in most biochars.[44]

3280.5
1020.1

CGBC

873.5
1653.3
1559.0

2872.2

1405.8

GBC
1404.3

CDBC
GBC

1031.6

872.1

4000 3500 3000 2500 2000 1500 1000

Figure 2.1

500

Wavenumber (cm-1)
FTIR spectra of CGBC and GBC

SEM images of GBC and CGBC (Figure 2.2) illustrate large pore channels of
GBC left over from the pine wood’s original morphology with clusters of metal oxide or
salt particles dispersed throughout the channels (Figure 2.2(A)). Figure 2.2(B) is at a
lower magnification and shows a very smooth surface with large pores. In contrast,
CGBC the pore channels are covered and blocked by the thick chitosan coating. This
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accounts for the low BET surface area of CGBC. Fig 2(D) shows that the overall surface
morphology has changed to a rough chitosan coated biochar surface. Sieving (Table 2.2)
confirmed that the biochar particle size increased due to chitosan deposition binding
smaller particles together.
Table 2.2

Sieving differences of GBC and CGBC using 5 g of both biochars

Particle Size

Biochar wt%
GBC

CGBC

> 300 µm

14.2

83.8

300-150 µm

11.4

7.0

150-75 µm

16.8

4.1

< 75 µm

57.6

5.1

Figure 2.2

SEM images of GBC (A) and (B); CGBC (C) and (D)

The EDX spectra (Figure A.2-A.5) for both Cu2+ and Cd2+ also shows the
presence of these two elements on both adsorbents’ surfaces after absorption. EDX
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mapping analysis (Figure 2.3) revealed the absorption of Cu2+ on the surfaces of GBC
and CGBC. EDX mapping images of Cd2+ adsorbed on both biochars are shown in
Figure A.1.

Figure 2.3

EDX analysis. Image (A) is GBC before absorption and (B) is GBC after
Cu2+ absorption. Image (C) is CGBC before absorption and (D) is CGBC
after Cu2+ absorption.

Comparing the thermogravimetric analysis (TGA) curves (Figure 2.4) of GBC
and CGBC, when heated at 10 °C min-1 in air, shows the presence of chitosan on the
CGBC biochar surface. GBC is thermally stable to around 540 °C and then quickly loses
about 18% of its weight between 550-700 °C.[40] This is due to the loss of carbon in this
range. The CGBC has a lower temperature weight loss region (225-270 °C) where
chitosan thermally degrades,[45] followed by a slower loss of chitosan residue up to ~540
°C. From 540-1000 °C, CGBC exhibits more weight loss than GBC due to the continued
weight loss from chitosan residues along with the underlying biochar decomposition and
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the lower ash content of the CGBC. These weight loss changes for GBC and CGBC are
comparable to what is found in literature for chitosan coated materials.[45]

100
90

GBC

Weight %

80
CGBC

70
60
50
40
GBC
CGBC

30
20
0

250

500

750

1000

Temperature (C)

Figure 2.4

Thermogravimetric curves for GBC and CGBC in air at 10 °C min-1 from
25 to 1000 °C

The point of zero charge (PZC) is the pH at which the net charge of the biochar
surface is zero. The PZC (Figure 2.5) drops upon chitosan coating (11.2 for GBC and
10.2 for CGBC). The PZC of GBC is higher than fast pyrolysis biochars and almost all
slow pyrolysis biochars, with consequences for heavy metal absorption.[46] This high pH
is a result of the relatively high concentration of surface metal oxides and metal
hydroxides, which may form on water uptake, as well as metal carbonate formation. All
this is a consequence of high gasification temperatures. Biomass combustion converts
most carbon to gas, lowering the GBC carbon content, while leaving behind a high ash
fraction. Gasification also decarboxylates R-COOH functions and lowers organic acidic
hydroxyl content.
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15
Starting pH
CGBC
GBC

Final pH

10

GBC PZC ≈ 11.22

5
CDBC PZC ≈ 10.21

0
0

5

10

15

Starting pH
Figure 2.5

Point of zero charge (PZC) for both GBC and CGBC

2.4.2 Effect of solution pH
The adsorption of Cu2+ and Cd2+ was quantified over a pH range of 2-5 (Figure
2.6). Initial metal ion concentrations were 100 mg/L and adsorption was allowed to reach
equilibrium (24 h). Sorption capacities rose with increasing pH for each metal ion. The
largest increase occurred with a pH change of 2 to 3. There is an increase in absorption
with rising pH as observed previously with chitosan.[32],[47] Figure 2.6 shows that the
amount (Q), mg of ion per g for char, of Cu2+ and Cd2+ absorbed are comparable at higher
pH values for both GBC and CGBC. The pH dependence of metal ion sorption is closely
connected with the sorbents’ surface charge.[35],[32],[43] At low pH values, both
adsorbents will be more highly positively charged. Metal ions and protons from H3O+
compete for the amine groups on CGBC, and protons also compete with the metal ions
for biochar adsorption sites. As the pH is raised, adsorption sites will be progressively
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deprotonated and electrostatic repulsion of positively charged metal ions would decrease.
This decrease in protonation of chitosan amine functions vs pH is summarized in Table
2.3.[46]
Table 2.3

The % protonation of chitosan at different pH levels[48]

pH

% protonation of chitosan amino groups

4.3

99

5.3

91

6.3

50

7.3

9

100

Q (mg/g)

80

GBC Cu
CDBC Cu
GBC Cd
CDBC Cd

60

40

20

0
2
Starting pH
Finishing pH 2.1 (2.1)

Figure 2.6

3
6.5 (5.9)

4
9.1 (8.3)

5
9.6 (8.6)

Effect of pH on Cu2+ and Cd2+ ion adsorption onto GBC and CGBC using
0.025 g of absorbent and 25 mL 100 ppm solutions of each metal ion at
the desired pH. Both starting and finishing pH values for GBC (CGBC)
are shown.
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2.4.3 Effect of contact time
Adsorption vs time on GBC and CGBC for each metal ion is shown in Figure 2.7.
Biochar (0.01 g) was stirred at 200 rpm with 25 mL of 100 ppm solutions of each metal
individually. Metal adsorption was rapid in the first hour for each metal ion. Equilibrium
was reached for both biochars in 6 h and 2 h for Cu2+ and Cd2+, respectively. An increase
in the adsorption capacity from GBC to CGBC occurs for Cu2+ but not Cd2+. This is

100

100

80

80

60

60

Q (mg/g)

Q (mg/g)

believed to be due to a lower binding constant of Cd2+ to chitosan compared to Cu2+.32

40

Cu 2+
CGBC
GBC

20

a

40

Cd 2+
CGBC
GBC

20

b

0

0

0

5

10

15

0

Time (h)

Figure 2.7

5

10

15

Time (h)

Effect of contact time of (a) Cu2+ and (b) Cd2+ adsorption onto GBC and
CGBC

2.4.4 Adsorption kinetics
Pseudo first and second order linear kinetics models were used to fit the
adsorption vs time data for Cu2+ and Cd2+. The first order model (equation 1)
𝑘 𝑡

1
log(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑜𝑔𝑞𝑒 − 2.303

(1)

gives qt as the amount of metal adsorbed at time, t; qe is the amount adsorbed at
equilibrium; and k1 (h-1) is the first order adsorption rate constant. The pseudo first order
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plots of log(qe-qt) verses t (Figure A.6) exhibited very poor fits and correlation
coefficients, 0.45-0.95 (Table 2.4).
The pseudo second order linear model (equation 2) is:
𝑡
𝑞𝑡

=𝑘

1
2
2 𝑞𝑒

𝑡

+𝑞

(2)

𝑒

where qt is the amount of metal adsorbed at time, t; qe is the amount adsorbed at
equilibrium; and k2 (h-1) is the second order adsorption rate constant. The plots of t/qt
verses t were excellent (Figure 2.8). The pseudo second order kinetic parameters for the
Cu2+ and Cd2+ are provided in Table 2.4 with excellent correlation coefficients, 0.99.
Both GBC and CGBC adsorb Cu2+ and Cd2+ via pseudo second order kinetics.
0.4
0.2

0.2

t/qt

t/qt

0.3

Cu 2+
CGBC
GBC

Cd 2+
CGBC
GBC

0.1

0.1
0.0

0.0
0

5

10

0

15

5

15

t (h)

t (h)

Figure 2.8

10

2+

2+

Pseudo-second order plots for Cu and Cd adsorption using data from
figure 2.7
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Table 2.4

Pseudo-first and second order parameters for Cu2+ and Cd2+ adsorption of
at pH of 5 and 100 ppm of metal adsorbate using GBC and CGBC.

Adsorbate
Cu2+
Cd2+

Pseudo-first order

Biochar

Pseudo-second order
2

k1

qe

R

k2

qe

R2

GBC

0.205

41.9

0.81

0.022

41.9

0.99

CGBC

0.170

83.1

0.97

0.011

83.1

0.99

GBC

0.125

84.0

0.74

0.011

84.0

0.99

CGBC

0.176

84.6

0.45

0.012

84.6

0.99

2.4.5 Adsorption isotherm models
To aid design of GBC and CGBC applications, Freundlich[49], Langmuir[50],
and Sips[51] models were employed to evaluate the maximum adsorption properties of
both adsorbents. The three model equations are:

𝑞𝑒 =

𝑞𝑚𝑎𝑥 𝐾𝐿 𝐶𝑒
1 + 𝐾𝐿 𝐶𝑒
1/𝑛

𝑞𝑒 = 𝐾𝐹 𝐶𝑒

(Langmuir model)

(Freundlich model)

(3)

(4)

1/𝑛

𝑞𝑒 =

𝑞𝑚𝑎𝑥 𝐾𝐿𝐹 𝐶𝑒

1/𝑛

1 + 𝐾𝐿𝐹 𝐶𝑒

(𝑆𝑖𝑝𝑠)

(5)

where Ce (mg/L) is the equilibrium concentration of analyte in the solution; qe (mg/g) is
the adsorbate removed by an amount of adsorbent at equilibrium; qmax (mg/g) is the
maximum adsorption capacity; n is the degree of non-linearity; KL (L/mg), KF
((mg/g)(L/mg)1/n), and KLF (mg/g (mg/L)−1/n) are the constants for Langmuir, Freundlich,
and Sips models respectively.

33

Figures 2.9 and 2.10 show the adsorption isotherm fittings for each metal ion with
both GBC and CGBC at 30 °C. Table 2.5 presents the summarized values of the fitting
parameters with the corresponding correlation coefficients obtained for each metal ion
adsorbate onto the biochars. The adsorption data for Cd2+ gave similar fits to both the
Langmuir and Freundlich models with R2 values over 0.93. The Cu2+ data was also
found to fit the Freundlich model very well. The Sips model also fit the Cu2+ well with R2
values >0.94. The good fit for both Langmuir and Sips models suggest a monolayer
adsorption mechanism could operate for both metals onto GBC and CGBC. Monolayer
adsorption is consistent with other claims of heavy metal ion adsorption onto chitosanfunctionalized materials.32 However, our isotherm studies are not definitive on this point.
The maximum GBC adsorption capacities for Cd2+ and Cu2+on GBC were given,
respectively, by the Langmuir (70.5 mg/g for Cd2+) and Sips (89.2 mg/g for Cu2+)
models. Using CGBC provided an increase in the maximum adsorption capacities to 80.8
mg/g for Cd2+ (Langmuir model) and 112 mg/g for Cu2+ (Sips model). Chitosan
deposition acted to increase both Cu2+ and Cd2+ removal ability due to amine
coordination. Adsorption capacities compare favorably to those reported in literature for
other biochar adsorbents.[28] Addition of the chitosan decreased the surface area by 86%,
but increased in the overall Cu2+ and Cd2+ adsorption capacities. Table 2.6 compares
these capacities to other biochars, chitosan, and activated carbon. Capacities of the
absorbents are given as both mg adsorbed/g adsorbent and also as mg adsorbed/m2 of
surface area measured by BET.
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Figure 2.9

Adsorption isotherms for Cu2+ removal by GBC and CGBC plotted using
nonlinear least squares curve fitting
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Figure 2.10

Adsorption isotherms for Cd2+ removal by GBC and CGBC plotted using
nonlinear least squares curve fitting

Table 2.5

Isotherm parameters for adsorption of Cu2+ and Cd2+ on GBC and CGBC

Ion Biochar
Cu2+
Cd2+

GBC
CGBC
GBC
CGBC

Langmuir model
qmax KL
R2

Freundlich model
n
KF
R2

qmax KFL

83.7 0.76
87.6 4.10
68.6 2.04
85.8 0.28

15.61
13.39
28.42
15.13

86.2
112
-

0.99
0.85
0.99
0.93
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62.7
68.4
59.7
60.0

0.99
0.99
0.95
0.99

Sips model

n

R2

0.46 1.52 0.95
1.12 2.71 0.94
-

Table 2.6

Comparison of GBCs’ and CGBCs’ metal adsorption capacity with other
biochars, chitosan, and activated carbon
Cu2+
Cd2+
Cu2+
Cd2+
adsorption adsorption adsorption adsorption
capacity
capacity
capacity
capacity
(mg/g)
(mg/g)
(mg/m2)
(mg/m2)

Adsorbent

pH

Surface
area
(m2/g)

GBC

5

34.1

86.2

68.6

2.53

2.01

CGBC

5

4.61

112

85.8

24.3

18.6

Chitosan

4.5

Not
available

80.71

-

-

-

34

5

25.4

25.4

5.4

-

0.21

7

5

5.01

31

34.4

6.19

6.87

25

5

984

-

8.00

-

0.008

7

Oak Bark
Char
Switchgrass
Biochar
Carbon
F-400

Ref.
This
Study
This
Study

2.5 Conclusions
Gasifier pine wood biochar, GBC, was modified by surface deposition of 25% wt
chitosan (CGBC). CGBC and GBC were characterized by FTIR, SEM, BET surface area,
elemental analysis, TGA, and point of zero charge. The surface area of CGBC was 4.61
m2/g, which was decreased from GBC, 34.1 m2/g, due to pore blocking by chitosan.
Batch sorption studies were performed at pH of 2 to 5 to find the optimum pH. The
maximum metal absorption occurred at pH 5. Pseudo-second order kinetics provided the
best fit with regression coefficients of 0.99. The max adsorption capacity was studied
using the Freundlich, Langmuir, and Sips isotherm models. Cd2+ absorption was best fit
using the Freundlich (GBC) and Langmuir (CGBC) models. Cu2+ was best fit for
Freundlich but showed good fitting to the Langmuir (GBC) and Sips (CGBC) models.
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GBC successfully removed the Cu2+ and Cd2+ ions from water with good capacities
which were increased upon coating with chitosan (producing CGBC). The chitosan
amine groups increase absorption capacity by metal ion coordination. The sorption
capacities for Cu2+ and Cd2+ (mg/m2) are better than other biochars and activated carbons
that were reported earlier (Table 2.6).
This work demonstrates that byproduct biochars from gasification can
successfully absorb Cu2+ and Cd2+, and that this absorption can be augmented with
chitosan-coating of the biochar. Production of high ash biochars from gasification is
growing with increasing use of biomass as an alternative energy source. This work
highlights an application for low cost, high ash gasified biochar, thus providing an
increase in overall process value.
2.6 Acknowledgements
The authors would like to acknowledge support from the University Grants Commission
for the Joint Research Program entitled “Indo-US initiatives on Cleaner Energy and Water
17 Research” between Jawaharlal Nehru University and Mississippi State University
Chemistry Department and the National Science Foundation under Award Number
1659830 for the INFEWS REU: Food Energy and Water Security. The authors would also
like to acknowledge Drs. Jason Street and Fei Yu (Mississippi State University) for
providing raw gasifier biochar and Dungeness Environmental for providing chitosan.

38

2.7 References
1.

Fu, F. and Q. Wang, Removal of heavy metal ions from wastewaters: A review.
Journal of Environmental Management, 2011. 92(3): p. 407-418.

2.

Kadirvelu, K., K. Thamaraiselvi, and C. Namasivayam, Removal of heavy metals
from industrial wastewaters by adsorption onto activated carbon prepared from
an agricultural solid waste. Bioresource Technology, 2001. 76(1): p. 63-65.

3.

Razo, I., et al., Arsenic and Heavy Metal Pollution of Soil, Water and Sediments
in a Semi-Arid Climate Mining Area in Mexico. Water, Air, and Soil Pollution,
2004. 152(1): p. 129-152.

4.

Sabiha, J., et al., Heavy metal pollution from phosphate rock used for the
production of fertilizer in Pakistan. Microchemical Journal, 2009. 91(1): p. 94-99.

5.

Nriagu, J.O. and J.M. Pacyna, Quantitative assessment of worldwide
contamination of air, water and soils by trace metals. nature, 1988. 333(6169): p.
134-139.

6.

Liu, G., et al., An ecological risk assessment of heavy metal pollution of the
agricultural ecosystem near a lead-acid battery factory. Ecological Indicators,
2014. 47: p. 210-218.

7.

Mohan, D., et al., Sorption of arsenic, cadmium, and lead by chars produced from
fast pyrolysis of wood and bark during bio-oil production. Journal of Colloid and
Interface Science, 2007. 310(1): p. 57-73.

8.

Organization, W.H., Guidelines for drinking-water quality. 2011: Geneva: world
health organization.

9.

Mohan, D. and K.P. Singh, Single- and multi-component adsorption of cadmium
and zinc using activated carbon derived from bagasse—an agricultural waste.
Water Research, 2002. 36(9): p. 2304-2318.

10.

Stern, B.R., Essentiality and Toxicity in Copper Health Risk Assessment:
Overview, Update and Regulatory Considerations. Journal of Toxicology and
Environmental Health, Part A, 2010. 73(2-3): p. 114-127.

11.

Huisman, J.L., G. Schouten, and C. Schultz, Biologically produced sulphide for
purification of process streams, effluent treatment and recovery of metals in the
metal and mining industry. Hydrometallurgy, 2006. 83(1–4): p. 106-113.

12.

Matlock, M.M., B.S. Howerton, and D.A. Atwood, Chemical precipitation of
heavy metals from acid mine drainage. Water Research, 2002. 36(19): p. 47574764.

13.

González-Muñoz, M.J., et al., Recovery of heavy metals from metal industry
waste waters by chemical precipitation and nanofiltration. Desalination, 2006.
200(1): p. 742-744.
39

14.

Vaaramaa, K. and J. Lehto, Removal of metals and anions from drinking water by
ion exchange. Desalination, 2003. 155(2): p. 157-170.

15.

Da̧browski, A., et al., Selective removal of the heavy metal ions from waters and
industrial wastewaters by ion-exchange method. Chemosphere, 2004. 56(2): p.
91-106.

16.

Qdais, H.A. and H. Moussa, Removal of heavy metals from wastewater by
membrane processes: a comparative study. Desalination, 2004. 164(2): p. 105110.

17.

Blöcher, C., et al., Hybrid flotation—membrane filtration process for the removal
of heavy metal ions from wastewater. Water Research, 2003. 37(16): p. 40184026.

18.

Hunsom, M., et al., Electrochemical treatment of heavy metals (Cu2+, Cr6+,
Ni2+) from industrial effluent and modeling of copper reduction. Water Research,
2005. 39(4): p. 610-616.

19.

Bailey, S.E., et al., A review of potentially low-cost sorbents for heavy metals.
Water Research, 1999. 33(11): p. 2469-2479.

20.

Basci, N., E. Kocadagistan, and B. Kocadagistan, Biosorption of copper (II) from
aqueous solutions by wheat shell. Desalination, 2004. 164(2): p. 135-140.

21.

Babel, S. and T.A. Kurniawan, Low-cost adsorbents for heavy metals uptake from
contaminated water: a review. Journal of Hazardous Materials, 2003. 97(1–3): p.
219-243.

22.

Erdem, E., N. Karapinar, and R. Donat, The removal of heavy metal cations by
natural zeolites. Journal of Colloid and Interface Science, 2004. 280(2): p. 309314.

23.

Bereket, G., A.Z. Arog, and M.Z. Özel, Removal of Pb(II), Cd(II), Cu(II), and
Zn(II) from Aqueous Solutions by Adsorption on Bentonite. Journal of Colloid and
Interface Science, 1997. 187(2): p. 338-343.

24.

Brown, P.A., S.A. Gill, and S.J. Allen, Metal removal from wastewater using
peat. Water Research, 2000. 34(16): p. 3907-3916.

25.

Mallick, N., Biotechnological potential of immobilized algae for wastewater N, P
and metal removal: A review. Biometals, 2002. 15(4): p. 377-390.

26.

Mohan, S. and R. Gandhimathi, Removal of heavy metal ions from municipal
solid waste leachate using coal fly ash as an adsorbent. Journal of Hazardous
Materials, 2009. 169(1–3): p. 351-359.

27.

Wan Ngah, W.S., L.C. Teong, and M.A.K.M. Hanafiah, Adsorption of dyes and
heavy metal ions by chitosan composites: A review. Carbohydrate Polymers,
2011. 83(4): p. 1446-1456.

40

28.

Mohan, D., et al., Organic and inorganic contaminants removal from water with
biochar, a renewable, low cost and sustainable adsorbent – A critical review.
Bioresource Technology, 2014. 160: p. 191-202.

29.

Brewer, C.E., et al., Characterization of biochar from fast pyrolysis and
gasification systems. Environmental Progress & Sustainable Energy, 2009. 28(3):
p. 386-396.

30.

Crini, G., Recent developments in polysaccharide-based materials used as
adsorbents in wastewater treatment. Progress in Polymer Science, 2005. 30(1): p.
38-70.

31.

Muzzarelli, R.A.A. and O. Tubertini, Chitin and chitosan as chromatographic
supports and adsorbents for collection of metal ions from organic and aqueous
solutions and sea-water. Talanta, 1969. 16(12): p. 1571-1577.

32.

Krajewska, B., Application of chitin- and chitosan-based materials for enzyme
immobilizations: a review. Enzyme and Microbial Technology, 2004. 35(2–3): p.
126-139.

33.

Ravi Kumar, M.N.V., A review of chitin and chitosan applications. Reactive and
Functional Polymers, 2000. 46(1): p. 1-27.

34.

Gerente, C., et al., Application of Chitosan for the Removal of Metals From
Wastewaters by Adsorption—Mechanisms and Models Review. Critical Reviews
in Environmental Science and Technology, 2007. 37(1): p. 41-127.

35.

Guibal, E., Interactions of metal ions with chitosan-based sorbents: a review.
Separation and Purification Technology, 2004. 38(1): p. 43-74.

36.

Liu, Z., et al., Magnetic cellulose-chitosan hydrogels prepared from ionic liquids
as reusable adsorbent for removal of heavy metal ions. Chemical
Communications, 2012. 48(59): p. 7350-7352.

37.

Wan Ngah, W.S., C.S. Endud, and R. Mayanar, Removal of copper(II) ions from
aqueous solution onto chitosan and cross-linked chitosan beads. Reactive and
Functional Polymers, 2002. 50(2): p. 181-190.

38.

Popuri, S.R., et al., Adsorptive removal of copper and nickel ions from water
using chitosan coated PVC beads. Bioresource Technology, 2009. 100(1): p. 194199.

39.

Boddu, V.M., et al., Removal of arsenic (III) and arsenic (V) from aqueous
medium using chitosan-coated biosorbent. Water Research, 2008. 42(3): p. 633642.

40.

Zhou, Y., et al., Sorption of heavy metals on chitosan-modified biochars and its
biological effects. Chemical Engineering Journal, 2013. 231: p. 512-518.

41.

Huang, X., et al., Effective removal of Cr(vi) using [small beta]-cyclodextrinchitosan modified biochars with adsorption/reduction bifuctional roles. RSC
Advances, 2016. 6(1): p. 94-104.
41

42.

Zhang, M.-m., et al., Chitosan modification of magnetic biochar produced from
Eichhornia crassipes for enhanced sorption of Cr(vi) from aqueous solution. RSC
Advances, 2015. 5(58): p. 46955-46964.

43.

Yongcheng, Z., et al., Studies of Biochars Generated from Pilot-Scale Downdraft
Gasification. 2013. 56(3).

44.

Cantrell, K.B., et al., Impact of pyrolysis temperature and manure source on
physicochemical characteristics of biochar. Bioresource Technology, 2012. 107:
p. 419-428.

45.

Hong, P.-Z., et al., Thermogravimetric analysis of chitosan. Journal of Applied
Polymer Science, 2007. 105(2): p. 547-551.

46.

Wan Ngah, W.S. and M.A.K.M. Hanafiah, Removal of heavy metal ions from
wastewater by chemically modified plant wastes as adsorbents: A review.
Bioresource Technology, 2008. 99(10): p. 3935-3948.

47.

Vold, I.M.N., et al., Binding of ions to chitosan—selectivity studies. Carbohydrate
Polymers, 2003. 54(4): p. 471-477.

48.

Udaybhaskar, P., L. Iyengar, and A.V.S.P. Rao, Hexavalent chromium interaction
with chitosan. Journal of Applied Polymer Science, 1990. 39(3): p. 739-747.

49.

Freundlich, H., Over the adsorption in solution. J. Phys. Chem, 1906. 57(385): p.
e470.

50.

Langmuir, I., THE ADSORPTION OF GASES ON PLANE SURFACES OF
GLASS, MICA AND PLATINUM. Journal of the American Chemical Society,
1918. 40(9): p. 1361-1403.

51.

Sips, R., On the structure of a catalyst surface. The Journal of Chemical Physics,
1948. 16(5): p. 490-495.

42

CHAPTER III
PHOSPHATE ADSORPTION BY HIGH SURFACE AREA BIOCHAR MODIFIED
BY Mg/Al LAYERED DOUBLE HYDROXIDES (LDHS)

3.1 Abstract
High surface area (627 m2/g) biochar derived from Douglas fir wood was
modified by Mg/Al-LDHs to remove phosphate from water. Several modified biochars
were made by depositing different ratios of Mg2+:Al3+ into the biochar’s pore surfaces.
Solutions of hydrous MgSO4 and Al2(SO4)3 were dissolved into aqueous biochar
suspensions for uptake into the biochar, followed by the addition of NaOH to pH = 11 to
form the LDHs. A detailed evaluation was performed using chars with Mg:Al wt% ratio
of 1:1 (AMBC-1) and 4:1 (AMBC-2). The adsorbents were characterized using FT-IR,
scanning electron microscopy (SEM), surface area measurement (BET), elemental
analysis (EA), TGA, XRD, and point of zero charge. The BET surface areas of AMBC-1
and AMBC-2 were 446 and 290 m2/g, respectively. Batch uptake studies performed at pH
values of 3-11 followed phosphate removal from water quantitatively using ion
chromatography (IC). Sorption was evaluated using the Freundlich and Langmuir
isotherm models. Phosphate adsorption on AMBC-1 and AMBC-2 fit both Freundlich
and Langmuir models well. The Langmuir maximum adsorption phosphate adsorption
capacities for AMBC-1 and AMBC-2 were found to be 93.7 and 179 mg/g respectively.
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AMBC-2 was prepared with higher Mg2+ and equal Al3+ metal ion loading and removed
more total mass of phosphate than AMBC-1. However AMBC-2 is less efficient on a
relative molar basis. The molar phosphate removal ratios were 0.35 and 0.23 moles
phosphate/mole metal ion for AMBC-1 and AMBC-2 respectively. Adsorption of
phosphate on both biochars followed pseudo-second order kinetics.
Keywords: Sorption; Mg/Al-LDHs; Biochar; Phosphate removal.
3.2 Introduction
Phosphate (PO43-) is an important nutrient for plant growth that is known to cause
eutrophication. Phosphate pollution can lead to an increase in the costs of water
treatment;[1] it decreases the recreational use of waterways,[2] and can result in the
formation of harmful algal blooms that can pose human health risks from the production
of cyanotoxins.[3] Because of these problems, the remediation of phosphates from aqueous
systems is a growing environmental concern. Although phosphate is normally found in
waste and surface waters, high levels of phosphate pollution can be due to agricultural,[4]
industrial,[5] and sewage runoff.[6] While phosphates are water pollutants above certain
concentrations, the demand for phosphates in industrial processes and in products, such as
fertilizers and animal feed supplements, is increasing. Also, as a non-renewable resource
with no known alternatives, the need for phosphate removal, recovery, and recycling from
waste will become necessary. It has been predicted [7, 8] that our phosphate reserves will
eventually be depleted throughout the planet, so the ability to recover and recycle
phosphate needs to be studied now.
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Methods exist to remove phosphate from surface and wastewater. Chemical
precipitation9 and biological4 phosphorus removal are two known techniques, but problems
with these remain. Removal by chemical precipitation is costly requiring the user to
purchase, transport, and store the needed chemical precipitants. Enhanced biological
phosphorus removal (EBPR) is highly effected by water parameters and requires disposal
of large quantities of sludge.[9] The removal ability, reliability, and stability of EBPR can
be very sensitive to the influent carbon source[10] and temperature.[11]
Layered double hydroxides (LDHs) are ionic solids with large anion sorption
capacities. The general chemical composition of LDHs can be described by the formula
[M2+(1-α)M3+ α(OH-)2]α+[An-]α/n •mH2O. Here M2+ is the divalent cation (Mg2+, Mn2+, Ni2+,
Co2+, Cd2+, Zn2+, etc.), M3+ is the trivalent cation (Al3+, Cr3+, Fe3+, Ga3+, etc.), An- is the
interlayer anion ( NO3−, Cl−, OH−, CO32 −, SO42−, etc.) and α is the M3+/(M2++ M3+) ratio.
The complex general formula and the range of possible ions makes many LDHs formations
and properties possible.[12] Mg and Al are the most frequently used metal LDH precursors
for phosphate adsorption, but other LDHs have been studied for this application. These
include Zn-Al,[13] Mg-Fe,[14] Ca-Fe,[15] Mg-Mn,[16] Ni-Al,[17] and Co-Al.[17]
Different ratios of the metals with the same metal pairing can also impact adsorption
properties. Increasing the Mg:Al ratio from 2:1 to 4:1 is reported to improve the adsorption
properties of Mg/Al-LDHs.[18] This is thought to be due to an increase in the interlayer
space when the Mg/Al ratio is raised in the LDH structures.[18]
In LDH’s the M2+ and M3+ ions form long sheets of repeating octahedral units with
shared edges. Each sheet can stack though hydrogen bonding by hydroxyl group protons.
LDHs are host-guest materials consisting of positively charged metal hydroxide sheets with
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intercalated anions and water molecules. LDHs exhibit exceptional anionic pollutant
adsorption abilities because of their easily exchangeable interlayer anions and large surface
areas.[12] They can be prepared easily in the laboratory although they are rarely found in
natural environments.[19]
Biochar is a solid carbonaceous material often generated with a large surface area
due to a stable porous structure. It is usually prepared by the thermochemical conversion,
pyrolysis or gasification, of plant waste biomass.[20, 21] Biochar is carbon-rich and can
be used for cation pollutant removal from wastewater.[21-23] Anion removal problems
using biochar stem from its dominant negative surface charge.[21, 24] To overcome this
problem and increase the affinity for anionic pollutants, modification or functionalization
of biochar has been studied.[18, 25, 26] Modification of the host biochar with LDHs has
exhibited fast kinetics and high anion adsorption capacities.[18,23]
The aim of this work was to prepare several Mg/Al-LDH-modified high surface
area biochars and investigate their ability to adsorb phosphate. Mg and Al were selected
because of their ability to form non-soluble phosphate complexes[12] their relative
environmental safety, and low cost. Two adsorbents were prepared for detail study after a
preliminary evaluation of a range modified biochars with 1:1 and 4:1 wt% Mg:Al ratios in
order to test the significance of the metal ratio on phosphate adsorption. Kinetics, pH
dependence, capacities, competitive anion desorption, and pond water matrix studies were
investigated using these two LDH modified biochars.
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3.3 Experimental
3.3.1 Biochar and Materials
Black Owl BiocharTM (supplied by Biochar Supreme, Everson, WA) was produced
as a by-product from the gasification of timber industry waste wood (Douglas fir). Auger
fed, chipped (to approximately 3 inch) green Douglas fir wood was introduced into an airfed updraft gasifier at 900 – 1000 °C with a residence time of about 1 second. Large biochar
particles (~ 2 cm) were collected and thoroughly washed several times with water to
remove fine particulates, impurities, and water soluble organic residuals. Then the biochar
particles were dried at room temperature, ground, sieved to a particle size range from 0.1
to 0.6 mm, and stored in closed vessels until needed.
Analytical grade Al2(SO4)3·14-18H2O, MgSO4·7H2O, KH2PO4, KHF2, NaCl, NaI,
CuSO4, Cu(NO3)2, HNO3, H2SO4, NaOH, and HCl were used for biochar synthesis,
characterization analysis, and adsorption testing. All chemical solutions were prepared
using deionized water.
3.3.2

Preliminary evaluation of varied mol/mol Mg:Al biochars

A preliminary study using five different metal ratios (Figure 3.1) was done to
determine which Mg:Al-LDHs would be used for more detailed studies. Each char was
prepared by adding the required amount of metal salt followed by treatment with NaOH.
The biochars were then dried, analyzed for metal content using acid digestion/AAS method
below, and then stored until tested. In a preliminary screening, 0.025 g of each biochar was
added to a 25 mL pH 5 solution containing 100 ppm of phosphate and each sample was
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shaken at 200 rpm and 30 °C for 24 h. Samples were then filtered and analyzed by ion
chromatography (Dionex ICS-2100). These tests were repeated three times.

4

Char 1 - 4:0 mMol Mg:Al

Char 2 - 3:1 mMol Mg:Al

mmol Mg

3
Char 3 - 2:2 mMol Mg:Al

2

Char 4 - 1:3 mMol Mg:Al

1

Char 5 - 0:4 mMol Mg:Al

0
0

1

2

3

4

mmol Al
Figure 3.1
3.3.3

Preliminary modified biochars with their varying mmol ratios of Mg:Al.
Preparation of 1:1 (mol/mol) Mg:Al biochar

Black Owl biochar (10 g) was stirred in 500 mL of water. MgSO4·7H2O (2.48 g
(~10.1 mmol)) and Al2(SO4)3·14-18H2O (5.84 g (~9.3 mmol)) were each dissolved
separately in 200 mL of water. The two solutions were then added to the char solution and
stirred for 1h. The pH of the resulting Mg/Al/char suspension was then adjusted to 11 using
NaOH and aged for 24 h. The solid was filtered, washed with ethanol, and dried at 80 °C.
The dried approximately 1:1 mole ratio Mg/Al-doped char (AMBC-1) was then stored at
room temperature for adsorption testing. Assuming the added Mg2+ and Al3+ ions adsorbed
in the char to form a 1:1 Mg:Al LDH, this LDH would have the following general formula:
[Mg0.5Al0.5(OH)2][SO4]0.25● mH2O.
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3.3.4

Preparation of 4:1 (mol/mol) Mg:Al biochar

As above, 10 g of the Black Owl biochar was stirred in 500 mL of water.
MgSO4·7H2O (9.92 g (~40.4 mmol)) and Al2(SO4)3·14-18H2O (5.84 g (~9.3 mmol)) were
dissolved separately in 200 mL of water. The Mg2+/Al3+ solution was introduced to the
char suspension and this suspension was stirred for 1 h. The pH of the solution was then
adjusted to 11 with NaOH and aged for 24 h. Next, the aged char was filtered, washed with
ethanol, and dried at 80 °C. The dry, approximately 4:1 mol ratio Mg/Al-doped char
(AMBC-2 with a general formula of [Mg0.8Al0.2(OH)2][SO4]0.1● mH2O) was then stored at
room temperature for adsorption testing.
3.3.5

Char Characterization

Surface morphologies were examined by scanning electron microscopy using a
JEOL JSM-6500F FE-SEM at 5 kV. Transmission Electron Microscopy (TEM) and
energy-dispersive x-ray spectroscopy (EDS) studies were done using a JEOL model 2100
TEM electron microscope operated at 200 kV. x-ray powder diffraction (XRD)
spectroscopy was preform using a Rigaku Ultima III X-ray Diffraction System from 5° to
90°. The BET surface areas were determined using a TriStar II Plus 3030 surface area
analyzer (Micromeritics) using nitrogen adsorption isotherms at -196 °C. The pore volumes
were also calculated using Micromerities BET software. The point of zero charge (PZC)
were determined using 0.01 M NaCl aqueous solutions, adjusted with NaOH and HCl, to
pH values ranging from 2 to 10 at pH intervals of 2. The solutions (25 mL) were stirred at
200 rpm for 8 h with 0.025 g of adsorbent. After adsorbent removal, the supernatant’s pH
was measured using an ORION model 210 pH meter. The PZC was obtained by plotting
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pH of the initial solution against pH of the final the solution. The point at which these two
lines intersect is the PZC.
The chemical compositions (C/H) of AMBC-1 and AMBC-2 were determined via
combustion analysis. Ash content was calculated from the residual weight after ashing in
air at 700 °C. The ash contains oxygen in the form of metal oxides. Atomic absorption
spectroscopy (AAS) analyses were conducted (Shimadzu AA-7000) to determine each
biochars’ metal composition. Mg and Al standards (Sigma Aldrich AAS standards) were
used. Acid digestion of 0.1 g of each char in 50 mL of 1:1 70% HNO3 (Sigma Aldrich):
95% H2SO4 (Sigma Aldrich) was performed for 24 h with stirring to dissolve the metals
from the char. The solution was then diluted 10 fold with deionized water prior to AAS
analysis. The FT-IR transmission spectra were collected using a Bruker FT-IR fixed with
a diamond AT-IR unit.

Thermogravimetric analysis (TGA) was conducted (TA

Instruments Q50) under a stream of nitrogen to 1000 °C at a heating rate of 5 °C min-1.
3.3.6

Phosphate adsorption tests

Phosphate adsorption isotherms were obtained to determine the phosphate uptake
capacities of AMBC-1 and AMBC-2. A 3000 mg L-1 standard phosphate solution was
prepared using KH2PO4 (pKa1=2.15, pKa2=7.20, pKa3=12.3) in a volumetric flask and
diluted to the required concentrations. Phosphate adsorption equilibrium isotherms were
determined by mixing 0.025 g of each char with 25 mL phosphate solutions of different
concentrations ranging from 100 to 3000 mg L-1. The reaction vessels were shaken in a
shaking incubator (Thermo Forma Orbital Shaker) for 24 h at 200 RPM with the
temperature controlled at 30 and 50 °C. The mixtures were immediately filtered using
(Whatman #1 Qualitative Filter Papers) and the remaining solution phosphate
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concentration was determined by Ion Chromatography (Dionex ICS-2100). These
isotherm experiments were repeated three times. The amount of phosphate adsorbed onto
each biochar was calculated using the following equation:

𝑄𝑒 =

V(C0 − Ce )
M

Here, Co and Ce are initial and equilibrium analyte solution concentrations in the solution
(mg/L), respectively, V is the solution volume (L), and M is the total mass of adsorbent
added (g).
Phosphate adsorption kinetics of AMBC-1 and AMBC-2 were investigated by
mixing 0.010 g of each biochar with 25 mL of a 100 ppm phosphate solution held at 30 °C
and shaken at 200 RPM in the shaking incubator. The mixtures were removed at the
appropriate time interval, filtered, and analyzed as above. These experiments were run in
triplicate. Phosphate adsorption was also tested against other competitive anions. A
concentration of 50 ppm of F-, SO42-, NO3-, I-, or Cl- were individually added to 25 mL 50
ppm phosphate solutions. Each solution was mixed with 0.025 g of biochar and shaken at
200 RPM with a temperature of 30 °C for 24 h. The mixtures were removed, filtered, and
analyzed as above. These experiments were also repeated three times.
To test the impact of the biochars in a natural matrix, runoff pond water was
collected from a chicken farm located in Starkville, MS and spiked with 50 ppm of
phosphate. These samples were tested for phosphate adsorption capacity by adding 0.025
g of biochar and shaking at 200 RPM at 30 °C for 24 h. The mixtures were removed,
filtered, and analyzed as above. These adsorption experiments were run in triplicate.
3.4 Results and discussion
3.4.1 Preliminary studies where the biochar Mg:Al mol ratio was varied
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The metal elemental analysis of the preliminary biochars are shown in Table 3.1.
The total mmol of the combined metals was held constant at 4 mmol. This translates into
roughly 10 wt% (with the exception of Char 1 which did not uptake all of the Mg) of the
total metals added, because Mg and Al have similar atomic masses.
Table 3.1

Metal analysis of the preliminary biochars with varied Mg:Al ratios
Biochar

Mg
(wt%)

Mg
(mmol)

Al (wt%)

Char 1
Char 2
Char 3
Char 4
Char 5

2.23
7.94
5.25
3.79
0.08

0.9
3.3
2.2
1.6
0.0

0
1.9
5.43
6.97
8.42

Al
Mg:Al
(mmol) Molar ratio
0.0
0.7
2.0
2.6
3.1

4.7 : 1
1.1 : 1
1 : 1.6
-

The phosphate removal results using these preliminary biochars are shown in
Figures 3.2A and B. This data shows that Char 3 with ≈1:1 Mg:Al mole ratio is the best
(most efficient) ratio for phosphate removal per mole of metal. Therefore, a scale up
synthesis (AMBC-1) was done for use in a more detailed analysis. For some biochars19
increasing the Mg to Al ratio resulted in an increased adsorption capacity. We did not
observe this in our preliminary studies, as can be seen by comparing the results for Chars
2 & 3 in Figures 3.2A and B. However, a biochar modified with a Mg:Al ratio of 4:1
(AMBC-2) was prepared and used to compare its phosphate removal ability to AMBC-1.
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0.00
Char 1

Figure 3.2

Char 2

Char 3

Char 4

Char 5

Char 1

Char 2

Char 3

Char 4

Char 5

A. Phosphate removal capacity of the preliminary (Table 3.1) biochars
using 0.025 g biochar and 25 mL of 100 ppm phosphate at pH 5, after
shaking for 24 h at 30 °C. Error bars represent standard deviation of 3
replicate experiments. B. Molar ratio of phosphate/metal after adsorption.

3.4.2 Characterization of biochars
The physical properties, BET surface area, and element analyses (combustion and
ash), of AMBC-1 and AMBC-2 are presented in Table 3.2. The surface area of AMBC-1
(452 m2/g) and AMBC-2 (290 m2/g) are lower than the surface area of the starting Black
Owl biochar (627 m2/g). The modification with the Al/Mg-LDHs reduces the surface area.
As the metal salts are imbibed and later the LDHs are formed in pores, the LDHs will block
entrances to micropores and ultramicropores far below the surface. This is consistent with
previous metal oxide modification studies.[18, 25, 27] The Al/Mg-LDHs modifications
also decrease the pore volumes and average pore diameters. The elemental analyses of
AMBC-1 and AMBC-2 show the weight percent carbon, hydrogen, and oxygen are lower
than the starting Black Owl biochar due to the addition of Al3+/Mg2+ sulfates and
subsequent LDH formation. The TGA of both modified biochars, AMBC-1 and AMBC-2,
along with the raw biochar are presented in Figure B.1. The TGA for the raw biochar
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exhibited the lowest drop in weight from 25 to 1000 °C and finished with a final weight %
of ≈5%. The TGA for AMBC-1 shows a higher final weight %, ≈20%, and AMBC-2 shows
the highest final wt%, ≈30%. This trend is due to the increase in LDH content which forms
larger amount of refractory oxides and possibly carbides.
Table 3.2
Biochar

Properties of the studied biochars.
Average
Pore
Ash
Sbet
Pore
Alc
Mgc
C
H
Vol
Contenta
b
(m2/g)
Size
(wt%)
(wt%)
(wt%)
(wt%)
(cm3/g)
(wt%)
(nm)

Black
OwlTM
Biochar

627

0.321

2.05

0

0

90.2

1.8

2.75

AMBC-1

446

0.231

2.06

3.4

3.7

57.9

2.3

20.7

AMBC-2

290

0.152

2.00

4.1

15.9

45.6

5.4

28.8

a.
b.
c.

An analysis of the metals present in the ash as their oxides was not performed.
Average pore diameter reported with BET.
Metal wt% were studied using acid digestion and AAS analysis.

The FT-IR spectra of AMBC-1, AMBC-2, and the starting raw biochar are shown
in Figure 3.3. The peak at about 3370 cm-1 is due to –O-H stretching of both interlayer
water and LDH hydroxide functions found in the LDHs and shows up in both modified
biochars. This peak is not found in the raw Black OwlTM biochar. The low frequency peaks,
500-1000 cm-1, are caused by the M-O or O-M-O (M = Mg or Al) stretching vibrations.
[18, 28-30] The peaks found between 1000 and 1200 cm-1 are attributed to the Al-O and
Mg-O hydroxides stretching modes.[31, 32] The peak near 1500 cm-1 in all three samples
is typical of condensed aromatic ring C=C stretching found in most biochars because of
their aromatization.
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FTIR spectra of biochar samples

The XRD patterns of the synthesized biochars along with the raw biochar, are
presented in Figure 3.4. The biochars were tested in the 2ϴ range of 5-90°. A broad
diffraction peak at 22° (f) dominates the raw biochar, which is due to the cellulose
microstructural crystalline planes in the biochar. Both AMBC-1 and AMBC-2, exhibit
many peaks 12°, 21°, 34°, 44°, and 61° (a-e) found in other Mg/Al-LDHs.[33] When
compared with previous studies,[18, 28] this analysis provides strong evidence that the
Mg/Al-LDHs were successfully formed within the biochar matrix. AMBC-2 showed a
much higher intensity of these peaks then AMBC-1. This is due to an increase in the
formation of the LDHs on the biochar surface with the use of larger amounts of Mg.

55

a
b
c
d

Intensity

e

AMBC-2
AMBC-1
Raw biochar

f
10

20

30

40

50

60

70

80

90

2ϴ (°)
Figure 3.4

XRD patterns of biochar samples

SEM images of Black Owl biochar (starting biochar) and AMBC-1 are shown in
Figure 3.5. In Figure 3.5(A), the surface of Black Owl biochar shows large pore channels
(lumen) left over from the Douglas fir’s original cell morphology. Figure 3.5(B) is at a
higher magnification and shows micropores on the biochar surface. In AMBC-1, some of
the lumen channels surfaces are coated with rough layers of the Mg/Al-LDHs (see Figure
3.5(D)). While these LDHs appear rough, which might add surface area, they cover up
micropores. The net effect is loss of surface area upon modification. This loss of
micropores accounts for the lower BET surface areas of AMBC-1 and AMBC-2. Figure
3.5(C) shows that the overall macro-surface morphology going from Black Owl biochar to
AMBC-1 has not visually changed, but Figure 3.5(D) shows that LDHs are formed in some
of the lumen channels of AMBC-1. The SEM images of AMBC-2 are shown in Figure B.2
and show no morphological differences from to AMBC-1.
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Figure 3.5

SEM images of raw black owl biochar (A)/(B) and AMBC-1 after
modification (C)/(D)

TEM analysis and TEM-EDX elemental mapping (Figure 3.6A) reveals the
presence of Al/Mg oxides on AMBC-1. TEM-EDX elemental mapping analysis of Mg and
Al on AMBC-2 are shown in Figure B.3. Both Mg and Al are located in the same areas of
the biochar and are also shown to be evenly distributed on these specific surface regions.
There does not appear to be large amounts of either Mg or Al found away from the other
metal. The TEM analysis of AMBC-1 after phosphate adsorption or reaction in the char
(Figure 3.6B) shows the presence of phosphorus located only where Al/Mg is also found.
This suggests that adsorption or reaction of the phosphate has occurred into the LDHs
structures on the biochar surface. The TEM after absorption or reaction of phosphate on
AMBC-2 is also shown in Figure B.4, and again occurs only where Al/Mg is found.
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Figure 3.6

TEM-EDX images, Al, Mg, and P elemental mapping, EDX spectrum of
AMBC-1 (A) before phosphate absorption and (B) after absorption.

The point of zero charge (PZC) is the pH at which the net charge of the biochar
surface is neutral. The PZC (Figure 3.7) was found for both Mg/Al-LDHs modified
biochars (8.96 for AMBC-1 and 9.87 for AMBC-2). At a solution pH below the PZC, the
surface will have a net positive change increasing the electrostatic attraction of anions
like phosphate. The PZC of both AMBC-1 and AMBC-2 are comparable to the raw
Black Owl biochar (≈9.2) and is comparable to other LDH-modified biochars.[18, 32, 34]
The high pH of AMBC-1 and AMBC-2 is a result of the relatively high concentration of
surface metal hydroxides, which form in the LDHs. The increase in PZC from AMBC-1
to AMBC-2 is caused by the higher amount of the more basic Mg hydroxide added to the
surface in AMBC-2. The Black Owl biochar’s high PZC is consistent with its high
formation temperature (900-1000 °C) which decarboxylates carboxylic acid functions
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and also leads to the formation of carbonates of Ca2+ and Mg2+ in the char. Other alkali
carbonates and hydroxides formed were likely largely washed or leached out when this
biochar was washed.
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Figure 3.7

Point of zero charge (PZC) for both AMBC-1 and AMBC-2

3.4.3 Effect of solution pH on adsorption
The adsorption of phosphate by AMBC-1 and AMBC-2 was quantified over a pH
range of 3-11 (Figure 3.8). The initial phosphate concentration was 100 mg/L and
adsorption was allowed to reach equilibrium (24 h).

Sorption capacities rose with

decreasing pH for each biochar, as expected. However, the rise in phosphate uptake was
modest over this range between pH 11 and 3, only ~10 mg of phosphate/g of biochar. The
increase in phosphate absorption upon lowering the pH was observed previously with other
biochar absorbents.[18] Figure 3.8 shows that the amount, mg of phosphate per g of
biochar, adsorbed is comparable at all pH values for both AMBC-1 and AMBC-2. The pH
dependence of phosphate sorption is closely connected with the sorbents’ surface charge.
59

At low pH values, both adsorbents are more highly positively charged which helps with
absorption. As the pH is raised, adsorption sites will be competitively targeted by the
increased hydroxide groups concentration in solution, thus lowering the amount of
phosphate adsorbed. The final pH of each solution was found move towards pH 7 (initially
acidic solutions showed an increase in final pH while initially basic solutions showed a
decrease in pH).
This data helps prove the mobility of anions into and out of the LDH structures.
Since the initially acidic solutions exhibited a higher pH (moving toward pH 7), hydroxyl
groups were released to solution from the LDH structures in the biochars. Basic solutions
dropped to lower pH as the biochar LDHs took in hydroxyl groups. The importance of the
wide pH range where excellent phosphate removal occurs means that these modified chars
may be used broadly without needing to make major pH adjustments. Since little difference
in phosphate uptake occurred between pH 3-5, kinetic and isotherm studies were conducted
at a pH of 5 to simulate conditions which might found in real-world applications.
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Effect of pH on phosphate adsorption (mg of phosphate adsorbed
per g of biochar) onto AMBC-1 and AMBC-2 at 30 °C using 0.025
g of absorbent and 25 mL 100 ppm solutions of phosphate at each
pH. Error bars represent standard deviation of 3 replicates.

3.4.4 Effect of contact time and adsorption kinetics
Phosphate adsorption vs time experiments on AMBC-1 and AMBC-2 are is shown
in Figure 3.9A. Biochar (0.01 g) was stirred at 200 rpm with 25 mL of 100 ppm phosphate
solutions. This experiment was replicated 3 times. Phosphate adsorption was rapid in the
first hour for both biochars. Equilibrium was reached at 2 h for both biochars. An increase
in the adsorption capacity from AMBC-1 to AMBC-2 occurs for phosphate, likely due to
the larger amount of Mg in the AMBC-2 biochar which likely generates more total LDH
per g of adsorbent. The total mole ratio of Mg and Al in AMBC-2/AMBC-1 is 8.1:2.8 (see
Table B.6).
Pseudo-first and second order linear kinetics models were used to fit the adsorption
vs time data for phosphate. The first order model (equation 1)
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𝑘 𝑡

1
log(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑜𝑔𝑞𝑒 − 2.303

(1)

gives qt as the amount of phosphate removed at time, t; qe is the amount of phosphate
removed at equilibrium, and k1 (h-1) is the first order adsorption rate constant. The
pseudo-first order plots of log (qe-qt) verses t (Figure B.5) exhibited terrible fits and
correlation coefficients of 0.16 for both adsorbents (Table 3.3). Clearly, the kinetics are
not pseudo-first order.
The pseudo-second order linear model (equation 2) is:
𝑡
𝑞𝑡

=𝑘

1
2
2 𝑞𝑒

𝑡

+𝑞

(2)

𝑒

where qt is the amount of phosphate removed at time, t; qe is the amount of phosphate
removed at equilibrium, and k2 (h-1) is the second order adsorption rate constant. The
plots of t/qt verses t gave excellent fits (Figure 3.9B). The pseudo-second order kinetic
parameters for phosphate removal are provided in Table 3.3 with excellent (0.99)
correlation coefficients. Both AMBC-1 and AMBC-2 adsorb phosphate via pseudosecond order kinetics.
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Effect of contact time on phosphate adsorption onto AMBC-1 and AMBC2 (A) and pseudo-second order plots (B) for phosphate adsorption.
Biochar (0.01 g) was stirred at 200 rpm with 25 mL of 100 ppm phosphate
solutions at 30 °C.
Pseudo-first and second order parameters for phosphate adsorption of at
pH of 5 and 100 ppm of adsorbate using AMBC-1 and AMBC-2 at 30 °C.
Pseudo-first order
Pseudo-second order
Biochar
2
k1
qe
R
K2
qe
R2
AMBC-1

0.066

39.2

0.16

0.025

39.2

0.99

AMBC-2

0.067

43.2

0.16

0.023

43.2

0.99

3.4.5 Adsorption isotherm models
Freundlich[35] and Langmuir[36] models were employed to evaluate the
maximum adsorption properties of phosphate for both adsorbents. These two model
equations are:
𝑄𝑒 =

𝑞𝑚𝑎𝑥 𝐾𝐿 𝐶𝑒
1 + 𝐾𝐿 𝐶𝑒
1/𝑛

𝑄𝑒 = 𝐾𝐹 𝐶𝑒

(Langmuir model)

(Freundlich model)
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(3)
(4)

where Ce (ppm) is the equilibrium concentration in the solution; Qe (mg/g) is the mg of
phosphate removed by a g of adsorbent at equilibrium; qmax (mg/g) is the maximum
adsorption capacity; n is the degree of non-linearity; KL (L/mg) and KF ((mg/g)(L/mg)1/n)
are the constants for Langmuir and Freundlich models respectively.
Figures 3.10 and 3.11 show the adsorption isotherm fittings for phosphate
removal with both AMBC-1 and AMBC-2 at 30 and 50 °C. Table 3.4 summarizes the
values of the fitting parameters with the corresponding correlation coefficients obtained
for phosphate adsorption. The adsorption data for AMBC-1 and AMBC-2 fit well with
both the Langmuir and Freundlich models. R2 values over 0.99 for AMBC-1 and ABMC2 at both 30 and 50 °C.
The maximum Langmuir adsorption capacities for AMBC-1 were 93.7 and 63.4
mg/g for 30 and 50 °C respectively. For biochar AMBC-2, the maximum adsorption
capacities increased to 178.8 and 123.1 mg/ g for 30 and 50 °C respectively. This trend
was observed in other bio-absorbents.[18] The capacities for AMBC-1 and AMBC-2
decreased as temperature rose, signaling phosphate absorption on both adsorbents are
exothermic.
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Figure 3.10

Adsorption isotherms of AMBC-1 at 30 and 50 °C with 0.025g and 25 mL
phosphate solutions shaken for 24h at 200 RPM.
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Figure 3.11

Table 3.4
Adsorbent
AMBC-1
AMBC-2

Adsorption isotherms of AMBC-2 at 30 and 50 °C with 0.025g and 25 mL
phosphate solutions shaken for 24h at 200 RPM.
Isotherm parameters for adsorption of phosphate at 30 and 50 °C on
AMBC-1 and AMBC-2
Langmuir model
Freundlich model
Temperature
2
qmax
KL
R
n
KF
R2
30 °C
93.69
0.01
0.99
3.16
9.82
0.99
50 °C
63.41
0.04
0.99
6.53
21.6
0.99
30 °C
178.8
0.002
0.99
3.31
13.8
0.99
50 °C
123.1
0.004
0.99
3.97
15.0
0.99
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Table 3.5 compares these phosphates adsorption capacities to other modified
biochar and carbon adsorbents. Capacities of the adsorbents are given as both mg
adsorbed/g adsorbent and as mg adsorbed/m2 of surface area measured by BET.
Table 3.5

Comparison of AMBC-1s’ and AMBC-2s’ phosphate adsorption capacity
with other adsorbents
Phosphate
Phosphate
Surface
adsorption adsorption
Adsorbent
pH
area
Ref.
capacity
capacity
2
(m /g)
(mg/g)
(mg/m2)
This
AMBC-1
5
446
94
0.211
Study
This
AMBC-2
5
290
179
0.617
Study

Porous ZrO2

6.7-6.9

232

29.7

0.128

[37]

nanostructured FeAl-Mn oxide

6.8

303

48.3

0.159

27

3

12.3

81.8

6.65

19

7

142

38.8

0.273

20

4:1 Mg/Al-LDHs
biochar
Ag nanoparticles
grafted Bayoxide®
E33

3.4.6 Effects of competitive anions
Typically in naturally contaminated water, other anions will coexist with
phosphate. To test the effect of other anions on the adsorption of phosphate, experiments
were carried out (three replicates) with equal concentrations of both competing ions and
phosphate (50 ppm). Chloride, fluoride, iodide, nitrate, and sulfate were selected. Figure
3.12 shows the results of these experiments. There is no decrease in the capacity (Q) for
phosphate with chloride present for either biochar or for AMBC-1 with fluoride present.
The remaining anions cause a drop in phosphate adsorption using both biochars. For
AMBC-1 a decrease of 10%, 5%, and 8% occurs for iodide, nitrate, and sulfate
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respectively. For AMBC-2, the decrease was found to be 38%, 26%, and 22% for iodide,
nitrate, and sulfate respectively. This decreased effectiveness of AMBC-2 to selectively
adsorb phosphate could be related to the increased Mg content in the Mg/Al-LDHs on the
biochar’s surface. Large reductions in phosphate adsorption due to coexistence of anions
in solution has previously been observed with other adsorbents.[12, 38, 39] Other
competing ions could also be studied in the future.
50

Qe (mg/g)

40

AMBC-1
AMBC-2
Control Q AMBC-1

Control Q AMBC-2

30

20

10

0
Chloride

Figure 3.12

Fluoride

Iodide

Nitrate

Sulfate

Competitive ion test using both adsorbents. Control Q is the mg/g of
phosphate removed in DI water by each biochar. Experiments in triplicate
were performed with 50 ppm of phosphate and 50 ppm of the competing
ion in 25 mL solution shaken for 24 h at 30 °C with 0.025 g biochar.

3.4.7 Remediation of pond water
To further test the synthesized biochars’ adsorption ability in real world
situations, pond water collected from the Mississippi State chicken farm was spiked with
30 ppm phosphate and tested. The pond water was spiked because levels of phosphate
were below detection limits. Figure 3.13 shows the phosphate-spiked pond water before
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biochar treatment and afterwards. The water after biochar adsorption is shown to be
clearer and free of particulates.

Figure 3.13

Photo of spiked pond water before (A) and after adsorption (B). Each
solution, 25 mL was spiked with 30 ppm of phosphate, 0.025 g of each
biochar was used, and the samples were shaken for 24 h at 200 rpm.

Figure 3.14 shows the results from the spiked water test. Here spiked deionized
(DI) water is compared to the spiked pond water. From Figure 3.14 only a decrease of 9%
and 15% in phosphate adsorption was found for AMBC-1 and AMBC-2, respectively.
These small changes in the adsorption of phosphate are due to matrix effects: the pond
water is filled with small concentrations of different ions as well as different amounts of
algae. These different components can cause complications in the adsorption process.
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30
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10

0
DI water

Figure 3.14

Pond water

The adsorption comparison of phosphate using both biochars in deionized
(DI) water and pond water. Each solution, 25 mL is spiked with 30 ppm of
phosphate, 0.025 g of each biochar was used, and the samples were shaken
for 24 h at 200 rpm.

Another experiment was performed using a competitive metal ion solution in both
50 ppm phosphate-spiked DI and pond water. 250 µL of a standard testing solution (ERA
WatRTM Supply Metals) containing low concentrations of different metals was added to
the water samples (0.040 mL) to again test the biochar’s ability to adsorb phosphate with
competitive ions in solution. Table 3.6 shows the calculated concentrations of the metals
after addition. The experiments (Figure 3.15) were each done in triplicate at pH of 5 with
0.04 g biochar doses. The samples where kept at 30 °C and shaken at 200 rpm for 24 h.
The ERA WatRTM solution contains metals present as oxyanions like antimony and
arsenic as well as those present as metal ions like cadmium and copper.
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Table 3.6

Calculated metal concentrations in the DI and pond water after the spiked
with the ERA WatRTM solution
Concentration
Concentration
Metal
Metal
(ppb)
(ppb)
Aluminum
530
Lead
99.9
Antimony

33.5

Manganese

602

Arsenic

31.5

Molybdenum

91

Barium

1080

Nickel

313

Beryllium

11.3

Selenium

68.6

Boron

1330

Silver

143

Cadmium

30.9

Thallium

6.49

Chromium

90.3

Vanadium

624

Copper

1100

Zinc

1270

Iron

1190

Figure 3.15 shows the phosphate adsorption results when the metal solution was
added to the spiked water sample. The overall adsorption of phosphate by AMBC-1 and
AMBC-2 did not significantly change with the addition of the metal ion solution.
Although the biochar does show affinity for metal ions,[21, 22] the goal of making the
Mg/Al-LDH-modified biochars was to increase the attraction for phosphate.
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DI w/ Metals

Figure 3.15

3.5

Pond water w/ Metals

The adsorption comparison of phosphate using both AMBC-1 and
AMBC-2 in deionized (DI) water and pond water with the presence of
competitive metal ions.

Adsorption Mechanism

The adsorption of phosphate into the LDH structures can result from a few
different interactions.[12] Inner-sphere mono- and bidentate surface complexation will
allow for phosphate adsorption.[18] This process is done by the ligand exchange of
surface hydroxyls groups with phosphate ions. This exchange can increase the pH of the
solution, which happens in the pH study using both chars. Ion exchange into the LDH
also heavily governs the mechanism by which phosphate is adsorbed.[12] An example of
this using a representation of both biochars is shown in Scheme 1. An electrostatic
attraction between the positively charged metal oxide/hydroxide layer surface and the
negatively charged phosphate ion is highly favored. Evidence for this sort of ion
exchange is given by the release of sulfate into the sample solutions after adsorptions.
Figure B.7 shows an IC trace of one of the phosphate adsorption experiments where
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sulfate has been released. Control tests using deionized water (not phosphate) released
only trace amounts of sulfate.

Scheme 3.1

3.6

Example of intercalated sulfate anions undergoing exchange with
phosphate anions in LDHs. Likewise hydrated, hydroxide anions can
exchange with phosphate anions.
Conclusions

High surface area Douglas fir biochar, provided by Biochar Supreme, was
modified by surface deposition of about 1:1 and 4:1 mole ratios of Mg2+/Al3+ followed by
treatment at pH 11 to form biochars (AMBC-1 and AMBC-2) that contain Mg/Al-LDHs.
AMBC-1 and AMBC-2 were characterized by FTIR, SEM, TEM, BET surface area,
elemental analysis, XRD, TGA, and point of zero charge. The surface areas of AMBC-1
and AMBC-2 were 446 and 290 m2/g respectively, which was lower than the starting
biochar, 627 m2/g, due to pore blocking by the LDHs. Batch sorption studies were
performed over a pH range of 3 to 11 to find the optimum pH for adsorption. The
maximum phosphate adsorption occurred in the range of pH 3-5. Pseudo-second order
kinetics provided the best fit with regression coefficients of 0.99. Phosphate adsorption
for both biochars had a good fit using both the Freundlich and Langmuir models. The
phosphate capacity decreased when the temperature was raised. The capacity of AMBC-2
was greater than that of AMBC-1 due to a higher wt% of metal that was deposited on the
biochar surface in the form of extra Mg-rich Mg/Al-LDHs. The sorption capacities for
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phosphate (mg/g) using AMBC-1 and AMBC-2 are greater than all other biochars and
adsorbents that have been previously reported (Table 3.4).
Although, the adsorption of AMBC-2 is greater than AMBC-1, when calculated
on a molar ratio basis, the number of moles of phosphate adsorbed per moles of metal,
AMBC-1 works better. This correlates to what was seen in the preliminary study.
AMBC-1 was calculated to have a molar ratio of 0.35 moles of phosphate per mole of
metal, and AMBC-2 has a ratio of 0.23. These results suggest that based on the molar
ratio, increasing the total moles of metal in the biochars (without considering the mole
ratio) might not mean the same increase in adsorption. Molar ratios are shown in Table
B.6. Experiments where the 1:1 Mg/Al mole ratio is maintained but the total amount of
moles of metal/g of adsorbent is doubled and also increased fourfold should be
performed.
This work demonstrates that high surface area biochars synthesized from wood
biomass pyrolysis can successfully be modified to adsorb phosphate. Future work to
explore the adsorption possibilities of biochar that are only impregnated with one metal,
Mg2+ or Al3+, need to be completed. A complete study on the varying mole ratios of the
metals formed in the LDHs would also be interesting to discover the metal ratios effect
on the phosphate removal abilities. The use of a high surface area biochar is of key
importance. This type of biochar allowed for fast kinetics and high capacities for
phosphate removal due to the biochars high surface area. New uses of biochars as
adsorbents and as a soil amendment are growing with the increasing need for biorenewable technologies. This work helps highlight an application for low cost, biorenewable biochar as a substrate to produce high surface area LDHs at low cost to help
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solve a global problem of phosphate contamination in wastewater, particularly runoff
from large scale mechanized agriculture. It also suggest phosphate anion captured on
biochars, possibly in LDHs, may be suitable for slow release fertilizers.
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CHAPTER IV
PHOSPHATE ADSORPTION USING MAGNETIC BIOCHARS MODIFIED WITH
Mg/Al LAYERED DOUBLE HYDROXIDES (LDHS)

4.1 Abstract
Magnetized biochar derived from Douglas fir wood was modified by Mg/AlLDHs to remove phosphate from water. Two biochars (MBC1 and MBC2) were prepared
by depositing Mg/Al and magnetite on the biochar surface in different sequences in order
to elucidate the importance of the order of modifications, and how this order affects the
phosphate removal ability of the biochars. MBC1 was magnetized after Mg/Al-LDHs
modification, and MBC2 was magnetized before. Both biochars were characterized using
FT-IR, scanning electron microscopy (SEM), surface area measurement (BET), elemental
analysis (EA), TGA, XRD, and point of zero charge. The ratio for Mg:Al was 1:1 for
both biochars. The BET surface areas of MBC1 and MBC2 were 377 and 371 m2/g,
respectively. Batch absorption studies performed at pH values of 3-11 tracked phosphate
adsorption quantitatively using ion chromatography (IC). Adsorption of phosphate on
both biochars followed pseudo-second order kinetics. Sorption of both biochars was
tested using the Freundlich and Langmuir isotherm models. Phosphate adsorption on
MBC1 and MBC2 fit both Freundlich and Langmuir models well. The maximum
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absorption capacities for MBC1 and MBC2 were found to be 107 and 50.3 mg/g
respectively at pH 3.5. Even though metal loading, surface area and surface charge
where similar, phosphate adsorption varied between the two biochars (MBC1 and
MBC2). This is likely because of different formation conditions for the LDHs which
could have produced different structures. This discovery highlights the importance of the
order of modification on the removal ability of the biochars.
Keywords: Sorption; Mg/Al-LDHs; Magnetized; Biochar; Phosphate Removal.
4.2 Introduction
Phosphorus is an important nutrient for plant growth, and the natural abundance of
phosphorus is decreasing.[1] Most environmental phosphorus is in the form of phosphate
ions.[2] Phosphate contamination leads to eutrophication in many lakes and rivers, and its
pollution can lead to an increase in the costs of water treatment.[3] Eutrophication can
result in harmful algal blooms that can pose human health risks from the production of
cyanotoxins.[4] These problems highlight the need to remove phosphates from aqueous
systems. Phosphate pollution is primarily due to agricultural[5], industrial[6], and
sewage[7] runoff into surface waters. Phosphate is a limited resource so the need for
phosphate removal, recovery, and recycling from waste will become an increasing
concern.[8] Due to the phosphate reserves depletion worldwide the reusability of recovered
and recycled phosphorus is very important. Because of this need the development of
materials and methods focused on phosphate recovery from water is of growing interest.[8,
9]
Treatment techniques such as chemical precipitation and biological phosphorus
removal are two techniques that are used worldwide, but problems with these techniques
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still remain.[10] Chemical precipitation of phosphate is costly and creates large amounts
of waste sludge.[11] Biological processes to remove phosphate use enhanced biological
phosphorus removal (EBPR) bacteria and these are effected by the water systems, the
carbon source[12] and temperature.[13]
To solve these problems, new low-cost adsorbents using biochars have been
studied.[14] Biochar is a high carbon material that can be prepared to have different surface
areas, porosities, and stable structures. Biochar is often synthesized by thermochemical
conversion of plant waste biomass.[14, 15] Biochar has previously been used to remove
metal cation pollutants from wastewater.[14, 16, 17] However, anion removal is difficult
due to biochar’s negative surface charge at near neutral pH.[14, 18]

This problem is

attenuated through metal ion precipitation modification of the biochar’s surface. Different
modification methods have been reported that involve magnetization and the formation of
surface layered doubled hydroxides (LDHs).[19-22] Among these metal modification
methods the formation of LDHs on biochars has shown good promise with phosphate
adsorption.
Layered double hydroxides (LDHs) can be described as in the formula [M2+(13+
α+
nα)N α(OH)2] [A ]α/n

•mH2O, where M2+ is the divalent cation (Mg2+, Mn2+, Ni2+, Co2+,

Cd2+, Zn2+,etc.), N3+ is the trivalent cation (Al3+, Cr3+, Fe3+, Ga3+, etc.), An- is the interlayer
anion ( NO3−, Cl−, OH−, CO3 2 −, SO4 2−, etc.) and α is the N3+/(M2++N3+) ratio.[23] LDHs
consist of positively charged metal hydroxide sheets with charge balancing intercalated
anions. LDHs remove anionic pollutants by ion exchange and the ability to form surface
complexes with phosphate in the LDH structures.[23] A wide range of LDHs can be easily
synthesized in the laboratory yet they are rarely found in natural environments.[24] For
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phosphate adsorption, Mg2+ and Al3+ LDHs are often employed because of their low cost,
environmental friendliness, and favorable metal ion/phosphate compound insolubility.
Typically, adsorbents are used to treat wastewater by passing the water, under
pressure, through a fixed bed media. An emerging method is to remediate water utilizing a
magnetic adsorbent.[14] Magnetic biochars have been previously studied for phosphate
remediation.[14, 25] Biochar magnetization is typically done by co-precipitation of Fe2+
and Fe3+ to form magnetite (Fe3O4) on the biochar’s surface.[26] Biochar magnetization
has been previously studied in our group [26, 27] and is known to significantly change the
materials surface properties. For example, the surface area of the biochar is typically
decreased by half due to magnetite filling and blocking micropores found on the biochar
surface.
This work aims is to evaluate two different magnetic Mg/Al-LDHs biochars, made
using different preparation sequences, and to investigate the effect on phosphate
adsorption. One of the synthesized biochars (MBC1) was modified by 1:1 mol Mg/AlLDHs (most efficient ratio found in chapter 3) and then magnetized. The second biochar
(MBC2) was magnetized first followed by formation of the same Mg/Al-LDHs formation
procedure. Both biochars were evaluated for phosphate absorption kinetics, pH
dependence, capacities, competitive anion desorption, and pond water matrix effects.
4.3 Experimental
4.3.1 Biochar and Materials
Black Owl BiocharTM (supplied by Biochar Supreme, Everson, WA) is produced
by gasification of Douglas fir waste wood. The wood is chipped to approximately 3 inch
pieces then auger fed into the updraft gasifier at 900 – 1000 °C with a residence time of
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about 1 s. The biochar particles (~ 2 cm) were collected and washed with water to remove
fine particulates, impurities and water soluble organic residuals. The biochar was dried at
room temperature, ground, and sieved to a particle size range of 75-150 µm. Analytical
grade MgSO4·7H2O, Al2(SO4)3·14-18H2O, FeCl3, Fe(SO4)2, KH2PO4, KHF2, NaCl, NaI,
CuSO4, Cu(NO3)2, HNO3, H2SO4, NaOH, and HCl were used for biochar synthesis,
characterization analysis, and absorption testing. All chemical solutions were prepared
using deionized water.
4.3.2

Biochar modification syntheses

For this work two modified biochars were prepared. One biochar (MBC1) was
prepared by modification with 1:1 wt Mg/Al-LDHs first and then was submitted to the
magnetization process. The second biochar (MBC2) was first magnetized and then
modified with the 1:1 wt% Mg/Al-LDHs. The syntheses for Mg/Al-LDHs modification
and magnetization are shown below. In both biochars, 5 g of Black Owl biochar was used,
and the final weights of the synthesized biochars were 8.98 g and 8.53 g for MBC1 and
MBC2, respectively.
4.3.2.1 Modification of biochars with 1:1 wt Mg/Al-LDHs
Five g of dried Black Owl biochar (used to form MBC1) and magnetized biochar
product from below (used to form MBC2) were separately stirred in 500 mL of water and
were modified in parallel using the following procedure. MgSO4·7H2O (2.48 g) and
Al2(SO4)3·14-18H2O, 2.92 grams, were each dissolved separately in 200 mL of water. The
two solutions were then added to the char suspension and stirred for 1h. The resulting
Mg/Al/char suspensions pH was adjusted to 11 using NaOH and aged for 24 h. The solid
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was filtered, washed with ethanol, and dried at 80 °C. The dried 1:1 wt% Mg/Al-LDHs
modified biochar was stored at room temperature and used for the magnetization process.
4.3.2.2 Magnetization of the biochars
Either the dried biochar product from the Mg/Al-LDHs modification process above
was used to form MBC1 or 5 g of Black Owl BiocharTM was stirred in 500 mL of water.
FeCl3, 1.80 grams, and Fe(SO4)2, 3.66 grams, were each dissolved 200 mL of water and
stirred at 70 °C for 1 h. The solution was then added to the char solution and stirred for 1h.
The resulting Fe/char solution’s pH was adjusted to 11 using NaOH and aged for 24 h. The
solid was filtered, washed with ethanol, and dried at 80 °C. The dried magnetized biochar
was then stored at room temperature and used for the Mg/Al-LDHs modification.
4.3.3

Biochar Characterization

Acid digestion of 0.1 g of each biochar was done prior to Atomic Absorption
Spectroscopy (AAS) analyses (Shimadzu AA-7000) to determine the char metal
composition. Mg, Al, and Fe standards (Sigma Aldrich AAS standards) were used for
calibration. The FT-IR transmission spectra of both chars were collected using a Bruker
FT-IR fixed with a diamond AT-IR unit.

Thermogravimetric analysis (TGA) was

conducted (TA Instruments Q50) on both biochars. The TGA analysis was carried out
under a stream of air from 25-1000 °C at a heating rate of 10 °C min-1. The chemical
composition (CH) of both biochars were determined via combustion analysis. Ash content
was also calculated for both biochars by ashing 1 g of biochar in air at 750 °C. The organic
oxygen content was determined by subtracting the sum of the %C and %H plus the ash
weight from the initial sample. Surface morphologies of the two biochars were examined
using a JEOL JSM-6500F FE-SEM at 5 kV. Transmission electron microscopy (TEM) and
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energy-dispersive X-ray spectroscopy (EDS) studies of the two adsorbents were examined
using a JEOL model 2100 TEM electron microscope operated at 200 kV. X-ray Powder
Diffraction (XRD) spectroscopy was preform on both chars using a Rigaku Ultima III Xray Diffraction System from 2ϴ 5° to 90°. The BET surface areas of MBC1 and MBC2
were examined using a TriStar II Plus 3030 surface area analyzer (Micromeritics) using
nitrogen adsorption isotherms at -196 °C. The point of zero charge (PZC) of both MBC1
and MBC2 were determined using a 0.01 M NaCl aqueous solution with pH values ranging
from 2 to 10 at pH intervals of 2. The pH of the supernatant was measured using an ORION
model 210 pH meter. The PZC was obtained by plotting pH of the initial solution against
pH of the final the solution. The PZC is the pH where the plots cross.
4.3.4

Phosphate adsorption tests

Phosphate adsorption isotherm tests were performed to determine the phosphate
adsorption capacity of MBC1 and MBC2. A 3000 ppm solution of phosphate was
prepared using KH2PO4 to use in all isotherm tests. The adsorption equilibrium isotherms
of phosphate were determined by mixing 0.025 g of each biochar with 25 mL phosphate
solutions of different concentrations ranging from 10 to 1250 ppm. The samples were
shaken in an incubator (Thermo Forma Orbital Shaker) for 24 h at 200 rpm with the
temperature controlled at 25 °C. The mixtures were filtered using (Whatman #1
Qualitative Filter Papers) and the phosphate concentration was determined in each
solution by ion chromatography (Dionex ICS-2100). These tests were repeated three
times. The amount of phosphate removed by the biochar was calculated using the
following equation:
𝑄𝑒 =

V(C0 − Ce )
M
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Here, Co and Ce are initial and equilibrium analyte solution concentrations in the solution
(ppm or mg/L), respectively, V is the solution volume (L), and M is the total mass of
adsorbent added (g).
Adsorption kinetics of the biochars for phosphate was investigated by mixing 0.010
g of each char with 25 mL of a 100 ppm phosphate solution. The temperature was held at
25 °C. The mixtures were shaken at 200 RPM in the shaking incubator. The mixtures were
removed, filtered, and analyzed as above at their appropriate time interval. These tests were
repeated three times.
The impact of competitive anions on the adsorption of phosphate by MBC1 and
MBC2 was also tested in triplicate. A concentration of 25 ppm of each anion tested, F-,
SO42-, NO3-, I-, or Cl-, was added to a 25 mL, 25 ppm phosphate solution. Each solution
was mixed with 0.025 g of each biochar and shook at 200 RPM at 25 °C for 24 h. The
mixtures were removed, filtered, and analyzed as above.
To test the effect of an environmental matrix impact on the biochars, runoff pond
water was collected from a chicken farm located on the campus farm at Mississippi State
in Starkville MS and spiked with 25 ppm of phosphate. The pond samples were tested with
0.025 g of each biochar and shook at 200 RPM with a temperature of 25 °C for 24 h. The
mixtures were removed, filtered, and analyzed as above. These tests were also repeated
three times.
4.4 Results and discussion
4.4.1 Characterization of the modified biochars
The physical properties, BET surface area and element analyses (combustion and
ash), of MBC1 and MBC2 are presented in Table 4.1. The physical properties of the two
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biochar are found to very similar. The surface area of MBC1 (377 m2/g) and MBC2 (371
m2/g) are lower than the surface area of the starting black owl biochar (627 m2/g). The
modification with the magnetization and Al/Mg-LDHs causes a decrease in the surface
area due to the covering of micropores on the biochars surface and is consistent with similar
modification studies.[26, 28] The modification decreases the pore volume but increases the
average pore size. This is again cause by the filling of micropores during the modification
process. The elemental analysis for MBC1 and MBC2 is shown with average weight
percents for carbon, hydrogen, and oxygen. The carbon and hydrogen are lower than the
starting black owl biochar, and the oxygen percentage goes up. This is expected due to the
addition of the Fe and Mg/Al-LDHs. Both chars were found to have comparable metal
weight percents. The BET and elemental analysis highlights that the order of modification
did not have a significant effect on the physical properties of the two synthesized biochars.
Table 4.1

Properties of the studied biochars.
Average
Pore
%Al %Mg %Fe %C
Sizeb
(nm)

%H

%O

Ash
contenta
(wt%)

90.2

1.8

8.0

2.75

12.10

28.1

2.7

27.7

20.7

12.54

26.3

2.9

20.4

28.8

Biochar

Sbet
(m2/g)

Black
Owl
Biochar

627

2.05

0

0

0

MBC1

377

2.89

4.43

4.32

MBC2

371

2.75

4.59

4.44

a.
b.

An analysis of the metals present as their oxides was not performed.
Average pore size reported with BET.

The FT-IR spectra of MBC1, MBC2 and the starting raw biochar are shown in
Figure 4.1. The peak at about 3400 cm-1 is due to –O-H and interlayer water molecules and
shows up in both MBC1 and MBC2. This peak is not found in the raw Black Owl biochar.
The peaks at 500-1000 cm-1 are caused by the M-O or O-M-O (M = Mg or Al) stretching
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vibrations.[19, 23] The peaks found between 1000-1500 cm-1 are attributed to the Al-OH
and Mg-OH stretching modes.[29] The IR spectra for MBC1 and MBC2 show little
difference.

Transmittance

MBC1

MBC2

Raw BC

4000

3000

2000

1000
-1

Wavenumber (cm )

Figure 4.1

FTIR spectra of biochar samples

The thermogravimetric analysis (TGA) curves of MBC1 and MBC2 are shown in
Figure 4.2. Both biochars, when heated at 10 °C min-1 in air from 25 to 1000 °C, show the
same decomposition trends. They are thermally stable to around 500 °C and then quickly
lose about 40% of their weight between 500-600 °C. This loss is due to the loss of the
biochar carbon. Both biochar finished decomposing with an ash content ≈40%.
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Figure 4.2

TGA spectra of biochar samples

The XRD patterns of the synthesized biochars, along with the raw biochar, are
presented in Figure 4.3. The biochars were tested in the 2ϴ range of 5° to 90°. In the raw
biochar, a broad diffraction peak at 22° dominates. MBC1 and MBC2 produce many peaks
(c-h) which are found in other magnetized biochars. Peaks at 30°, 35°, 43°, 53°, 56°, and
62° match the standard diffraction pattern of Fe3O4.[30, 31] . These peaks are more intense
in MBC2 than MBC1. Peaks (a and b) are found in previous studies[19, 32] where Mg/AlLDHs are present. These peaks are more intense in MBC1, which was modified with
Mg/Al-LDHs first. This provides evidence that magnetizing the biochar first effects the
formation of the LDH groups and the properties of the metal structures found on the
biochar.
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g

Intensity

a
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Figure 4.3

XRD patterns of biochar samples

SEM images of Black Owl BiocharTM and MBC1 are shown in Figure 4.4. Figure
4.4(A) shows micropores on the biochar surface under high magnification. In Figure
4.4(B), large pore channels can be seen that are left over from the Douglas fir’s original
morphology. In MBC1, Figure 4.4(C) and (D), the biochar can be seen with clusters of
magnetite or Mg/Al-LDHs on its surface. These pore blocking metal deposits account for
the lower BET surface area of MBC1. Figure 4.4(D), also shows that the overall surface
morphology has not changed other than the addition of the metal clusters. The SEM images
of MBC2 are shown in Figure C.1 and show no obvious morphological difference to
MBC1.
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Figure 4.4

SEM images of raw black owl biochar (A)/(B) and MBC1 after
modification (C)/(D)

TEM analysis, Figure 4.5A, reveals the presence of Fe/Mg/Al oxides on the
surface of MBC1. TEM analysis of Fe, Mg, and Al on MBC2 are shown in Figure C.2.
The Fe is found to be evenly coated onto both biochar surfaces. Mg and Al oxides are
also found to be evenly coated on the surface but are dispersed together. There does not
appear to be significant amounts of isolated Mg or Al. This supports the intended
formation of Mg/Al-LDHs on the biochars surface. The TEM analysis of MBC1 after
phosphate absorption, Figure 4.5B, shows a higher presence of phosphorus colocated
with Mg/Al-LDHs. This supports the assumption that adsorption of the phosphate takes
place in the LDHs structures on the biochar surface. The TEM of the adsorption of
phosphate on MBC2 is shown in Figure C.3. The EDX spectra for both biochars before
and after phosphate adsorption are shown in Figures C.4 and C.5.
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Figure 4.5

Election images and Fe, Al, Mg, and P elemental mapping of MBC1 (A)
before phosphate absorption and (B) after absorption.

The point of zero charge (PZC) is the pH at which the net charge of the biochar’s
surface is neutral. The PZC, Figure 4.6, is lower than the starting raw biochar (9.20)
following modification of the Mg/Al-LDHs and the magnetization (7.62 for MBC1 and
7.93 for MBC2).This is expected from previous magnetized biochar studies.[26, 33] A
lower PZC could reduce anion adsorption because at any pH above the PZC the biochar
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surface will have a net negative. Thus, making the biochar less attractive to anionic
species.
12

Control
MBC1
MBC2

Final pH
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MBC2 = 7.93
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MBC1 = 7.62

2
2

Figure 4.6
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Point of zero charge (PZC) for both MBC1 and MBC2

4.4.2 Effect of solution pH on adsorption
Adsorption of phosphate by MBC1 and MBC2 was determined over a pH range
of 3-11 (Figure 4.7). The initial phosphate concentration was 100 ppm, 25 mL solutions
and 0.025 g of biochar were shook for 24 h to reach adsorption equilibrium. The max
adsorption for MBC1 occurred at pH 3 while the max adsorption of MBC2 was at pH 5.
MBC1 saw a sharp decrease in adsorption between pH 3 and 5 while MBC2 increase
slightly. As the pH increased from 5 to 11 both biochars have a steady decrease in
adsorption of phosphate capacity. MBC1, which was magnetized after Mg/Al
impregnation, could have more iron oxide on the surface, which can form Fe2+ under
acidic conditions leading to enhanced phosphate removal.[34, 35] At low pH values, both
MBC1 and MBC2 should be more positively charged which promotes phosphate
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adsorption. Kinetic and isotherm studies were conducted at a pH of 3.5 where phosphate
adsorption is high for both biochars.
80
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Figure 4.7

Effect of pH on phosphate adsorption onto MBC1 and MBC2 using 0.025
g of absorbent and 25 mL 100 ppm solutions of phosphate at the desired
pH.

4.4.3 Effect of contact time and adsorption kinetics
Phosphate adsorption vs time for both MBC1 and MBC2 is shown in Figure 4.8.
Each biochar sample of 0.01 g was stirred at 200 rpm with 25 mL of 100 ppm solutions
of phosphate at a consent 25 °C. Phosphate adsorption was quick in the first hour for both
biochars and equilibrium was reached for both biochars in 4 h. MBC1 has a higher
adsorption capacity compared to MBC2.
Pseudo-first and second order linear kinetics models were used to fit the
phosphate adsorption vs time data. The pseudo-first order model (equation 1)
𝑘 𝑡

1
log(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑜𝑔𝑞𝑒 − 2.303
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(1)

gives qt as the amount of phosphate adsorbed at time, t; qe is the amount of phosphate
adsorbed at equilibrium; and k1 (h-1) is the first order adsorption rate constant. The
pseudo-first order plots of log(qe-qt) verses t (Figure C.6) exhibited very poor fits and
correlation coefficients for MBC1, 0.69 (Table 4.2). The fits and correlations coefficients
were better for MBC2, 0.96.
The pseudo-second order linear model (equation 2) is:
𝑡
𝑞𝑡

=𝑘

1
2
2 𝑞𝑒

𝑡

+𝑞

(2)

𝑒

where qt is the amount of phosphate adsorbed at time, t; qe is the amount of phosphate
adsorbed at equilibrium; and k2 (h-1) is the second order adsorption rate constant. Figure
4.8 shows the pseudo-second order plots of t/qt verses t for phosphate adsorption using
MBC1 and MBC2.The plots were shown to have great fits. The pseudo second order
kinetic parameters for phosphate removal by MBC1 and MBC2 are provided in Table 4.2
with very high correlation coefficients, 0.99.
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Effect of contact time of phosphate adsorption onto MBC1 and MBC2
(left) and Pseudo-second order plots (right) for phosphate adsorption.
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Table 4.2

Pseudo-first and second order parameters for phosphate adsorption of at
pH of 3.5 and 100 ppm of phosphate using MBC1 and MBC2.
Pseudo-first order
Pseudo-second order
Biochar
2
k1
qe
R
K2
qe
R2
MBC1

0.085

98.3

0.69

0.010

98.3

0.99

MBC2

0.213

56.2

0.97

0.017

56.2

0.99

4.4.4 Adsorption isotherm models
To test the phosphate maximum adsorption applications of both MBC1 and
MBC2, Freundlich[36] and Langmuir[37] models were employed. The two model
equations are:
𝑄𝑒 =

𝑞𝑚𝑎𝑥 𝐾𝐿 𝐶𝑒
1 + 𝐾𝐿 𝐶𝑒
1/𝑛

𝑄𝑒 = 𝐾𝐹 𝐶𝑒

(Langmuir model)

(Freundlich model)

(3)

(4)

where Ce (ppm) is the equilibrium concentration in the solution; Q (mg/g) is the mg
phosphate removed by a g amount of adsorbent at equilibrium; qmax (mg/g) is the
maximum adsorption capacity; n is the degree of non-linearity; KL (L/mg) and KF
((mg/g)(L/mg)1/n) are the constants for Langmuir and Freundlich models respectively.
Adsorption isotherm fittings for phosphate removal with both MBC1 and MBC2
at 25 °C are shown in Figures 4.9 and 4.10. Table 4.3 presents the isotherm fitting
parameters for phosphate adsorption and their corresponding correlation coefficients. The
adsorption data for MBC1 and MBC2 fit both the Langmuir and Freundlich models well
with R2 values over 0.99. The great fit for the Langmuir model suggests a monolayer
adsorption mechanism operates for phosphate adsorption using both MBC1 and MBC2,
but with such a good fit to the Freundlich model too, this is not a certainty. This
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monolayer adsorption is found in other studies of biochar phosphate adsorption.[18, 19,
32]
The maximum adsorption capacity for MBC1 was found to be 107 at 25 °C. For
biochar MBC2, the maximum adsorption capacity decreased to 50.3 at 25 °C. MBC1 and
MBC2 have similar PZC, surface area and metal loading therefore the observed decrease
in the capacity of the MBC2 must be due to the method of synthesis (MBC2 was first
magnetized then modified with Mg/Al-LDHs while MBC1 occurred in the reverse order).
This is the first such reported case and is a strong indication that additional factors (other
than PZC, surface area and metal loading) play a role in phosphate adsorption. To insure
the differences in the adsorption capacities were significant the last three points of the
isotherms of both biochars and their standard deviation are presented in table 4.3. These
points show significant difference in the two biochars capacities, 88 mg/g for MBC1 and
48 mg/g for MBC2. To test the significance a standard pooled t-test was performed on the
data points.
Several explanations are possible. 1) Surface magnetite on MBC2 could have
altered subsequent Mg/Al-LDH formation resulting in reduced phosphate attraction. 2)
The magnetite could blocked LDHs from forming deeper into the biochar pores. This
could have an effect a biochars on phosphate retention. 3) MBC1 could incorporate Fe2+
and Fe3+ into the LDH structures to grow them larger. Thus, increasing the biochars
removal ability.
Table 4.4 compares the capacities of MBC1 and MBC2 to other adsorbents for
phosphate removal. Capacities of the adsorbents are given as both mg adsorbed/g
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adsorbent and as well as mg adsorbed/m2 of surface area measured by BET when
available.
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Figure 4.9

Freundlich adsorption isotherms of MBC1 and MBC2 at 25 °C
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Figure 4.10

Langmuir adsorption isotherms of MBC1 and MBC2 at 25 °C
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Table 4.3

Isotherm parameters for adsorption of phosphate at 25 °C on MBC1 and
MBC2 at pH 3.5.
Langmuir model
Freundlich model
Calculateda
Biochar Temperature
Std
qmax
KL
R2
n
KF
R2
qe
Dev
MBC1
25 °C
107 0.005 0.99
2.77 7.67 0.99
87.93 0.64
MBC2
25 °C
50.31 0.022 0.99
4.47 10.9 0.99
47.80 2.82
a.

Calculated using the last three points from the isotherm experiments.

Table 4.4

Comparison of MBC1 and MBC2 phosphate adsorption capacity with
other absorbents
Phosphate
Surface
adsorption
area
capacity
(m2/g)
(mg/g)

Phosphate
adsorption
capacity
(mg/m2)

Adsorbent

pH

MBC1

3.5

377

107

0.211

MBC2

3.5

371

50.3

0.617

MagnetiteBased
Nanoparticles

3

31

5.2

0.17

[35]

ZnCl2activated
carbon

4

-

1.7

-

[38]

-

500

25.9

0.052

[39]

3

12.3

81.8

6.65

[19]

Shirasuzeolite
(SZP1)
4:1 Mg/AlLDHs on
biochar

Ref.
This
Study
This
Study

4.4.5 Effects of competitive anions
Wastewater can have a complex matrix with many other ions coexisting with
phosphate. To test possible matrix effects on each biochar’s phosphate adsorption,
experiments were carried out with equal concentrations, 25 ppm, of several competing
ions and phosphate. The ions selected were chloride, fluoride, iodide, nitrate, and sulfate.
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Figure 4.11 shows that there is a decrease in the capacity (Q) for phosphate with the
presence of each competing ion for MBC2. A small increase in phosphate adsorption was
observed when fluoride is present for MBC1 however the decrease of 5%, 7%, 2%, and
1% for chloride, iodide, nitrate, and sulfate respectively are not considered to be
significant. For MBC2, phosphate reductions of 12%, 20%, 20%, 28%, and 26% for
chloride, iodide, nitrate, fluoride, and sulfate respectively were observed. These
observations could be due to small sample size. Reductions in the absorption of
phosphate by the coexistence of anions in solution has previously been observed with
other absorbents.[23, 40, 41]

MBC1
MBC2
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Qe (mg/g)

15

10

5

0
.Control Chloride Fluoride

Figure 4.11

Iodide

Nitrate

Sulfate

Competitive ion tests using both absorbents. 0.025 g of biochar used, 25
mL solutions containing 25 ppm of phosphate and competing anion.
Solutions were shaken for 24 h at 200 rpm and 25 °C.

4.4.6 Remediation of pond water
To test both MBC1 and MBC2 adsorption ability in the matrix of dirty pond
water, samples collected from the Mississippi State chicken farm were spiked with 25
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ppm phosphate and shaken with 0.025 g of biochar at 200 rpm for 24 h. Figure 4.12
shows photos of the phosphate spiked pond water before MBC1 testing and afterwards.
The green color in the water is due to algae and suspended particulates. The biochar was
removed with a magnet and remaining particulates were removed by quick filtration. The
water after biochar adsorption and filtration is shown to be clearer and free of
particulates.

Figure 4.12

Photo of spiked pond water before addition of magnetized biochar
MBC1 (A), with biochar added (B), with a magnet in solution to
remove the biochar (C), and after all the biochar and particulate
are removed (D)

Spiked deionized (DI) water, using 25 ppm of phosphate, was used as a control to
the spiked pond water. From Figure 4.13, a decrease of 21% and 18% in the absorption
was found for MBC1 and MBC2, respectively. These changes in the absorption of
phosphate are due to pond water matrix effects. Pond water contains varied
concentrations of different ions and can also contain algae. These different components
can cause decreases in the removal of phosphates. The improved removal ability of
MBC1 over MBC2 in pond water was similar with the adsorption data from above.
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Pond Water

The absorption comparison of phosphate using both biochars in deionized
(DI) water and pond water

4.5 Conclusions
Douglas fir biochar, provided by Biochar Supreme, was modified by different orders
of surface depositions of Mg/Al-LDHs and magnetite to form biochars (MBC1 and
MBC2). MBC1 was modified by Mg/Al-LDHs first then magnetized and MBC2 was
magnetized first. Both biochars were characterized by FTIR, SEM, TEM, BET surface
area, elemental analysis, XRD, TGA, and point of zero charge. The surface areas of
MBC1 and MBC2 were 377 and 371 m2/g respectively, lower than the starting raw
biochar, 627 m2/g, due to pore blocking by the LDHs and the magnetite. Batch sorption
studies were performed at pH of 3 to 11 to find the optimum pH. The optimum pH for
both biochar’s phosphate adsorption occurred at a pH ≈3.5. Pseudo-second order kinetics
provided the best fit for both biochars with regression coefficients of 0.99. The max
adsorption capacity of each adsorbent was studied using the Freundlich and Langmuir
isotherm models. Phosphate absorption for both biochars showed good fitting for both
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Freundlich and Langmuir models. The capacity of MBC1 was greater than that of MBC2.
This shows a direct effect from the order of the biochar modification. Still, the sorption
capacities for phosphate (mg/g) using MBC1 and MBC2 are better than previously
reported biochars and activated carbons (Table 4.4).
This work demonstrates that modification procedure is important in the removal
characteristics for phosphate even when preparation methods result in surface areas, point
of zero charge and metal loading that are similar. Further research is needed in order to
better understand this phenomena. Additional controls with varied aging times would
help elucidate the effect on LDH formation. Detailed analysis of adsorption solution
could provide insight by quantifying ions released when phosphate is adsorbed. High
resolution XPS and XRD could clarify the structure of the magnetite and LDHs. This
work highlights the importance of controlling the modification techniques used when
looking for low cost, bio-renewable, biochar adsorbents to help solve a global problem
with phosphate contamination in wastewater.
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APPENDIX A
SUPPORTING INFORMATION: CADMIUM AND COPPER REMOVAL FROM
AQUEOUS SOLUTIONS USING CHITOSAN-COATED GASIFIER BIOCHAR
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Figure A.1

EDX mapping images for GBC (top) and CGBC (bottom) after absorption
of Cd2+
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Figure A.2

The EDX spectra of GBC before Cu2+ absorption (upper) and after
absorption (lower)
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Figure A.3

The EDX spectra of CGBC before Cu2+ absorption (upper) and after
absorption (lower)
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Figure A.4

The EDX spectra of GBC before Cd2+ absorption (upper) and after
absorption (lower)
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Figure A.5

The EDX spectra of CGBC before Cd2+ absorption (upper) and after
absorption (lower)
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Figure A.6

Pseudo-first order plots for Cu2+ and Cd2+ adsorption using GBC and
CGBC at 100 ppm and 0.01 g of adsorbent.
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APPENDIX B
SUPPORTING INFORMATION: PHOSPHATE ADSORPTION BY HIGH SURFACE
AREA BIOCHARS MODIFIED BY Mg/Al LAYERED DOUBLE HYDROXIDES
(LDHs)
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Figure B.1

TGA of AMBC-1 and AMBC-2 compared with raw Black Owl Douglas
fir biochar run at 5 °C/min under nitrogen

Figure B.2

SEM images of AMBC-2
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Figure B.3

The TEM-EDX mapping images and spectra of AMBC-2 before
phosphate absorption

Figure B.4

The TEM-EDX mapping images and spectra of AMBC-2 after phosphate
absorption
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Figure B.5

Pseudo-first order plots for phosphate adsorption using AMBC-1 and
AMBC-2. 100 ppm of phosphate in 0.025 L solutions at a pH of 5 using
0.025 g of each biochar. The correlation coefficients (R2) were 0.16 for
both biochars.

Table B.6

Molar ratio of phosphate per metal.

mmol
Mg/g*

Total
mmol
of
metal

1.3

1.5

2.8

0.35

1.8

6.5

8.1

0.23

Biochar

Max
Capacity
(mg/g)

mmol/g*
Phosphate/g

Wt%
Al

Wt%
Mg

mmol
Al/g*

AMBC-1

93.7

1.0

3.4

3.7

AMBC-2

179

1.8

4.1

15.9

g* indicates per gram of biochar.
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Figure B.7

IC trace of phosphate adsorption test showing sulfate release. Top is
before addition of biochar and bottom is after biochar mixing and
filtration.
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APPENDIX C
SUPPORTING INFORMATION: PHOSPHATE ADSORPTION USING BIOCHARS
MODIFIED BY MAGNETIZATION AND Mg/Al LAYERED DOUBLE
HYDROXIDES (LDHs)
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Figure C.1

SEM images of MBC2
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Figure C.2

The TEM-EDX mapping images and spectra of MBC2 before phosphate
adsorption

Figure C.3

The TEM-EDX mapping images and spectra of MBC2 after phosphate
adsorption
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Figure C.4

TEM-EDX spectra of MBC1 before and after phosphate adsorption
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Figure C.5

TEM-EDX spectra of MBC2 before and after phosphate adsorption
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Figure C.6

Pseudo-first order plots for phosphate adsorption using MBC1 and MBC2
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